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ABSTRACT 
A positive surge results from a sudden change in flow that increases the depth. Positive surges are 
commonly observed in man-made channels while some estuaries may be subjected to a positive 
surge process called tidal bore during flood tides. The aim of this study is to detail the 
hydrodynamic and turbulence characteristics of tidal bores that were rarely studied under controlled 
flow conditions. 
New experiments were conducted with positive surges in a large channel (L = 12 m, W = 0.5 m). 
Detailed turbulence measurements were performed with high-temporal resolution (50 Hz) using 
side-looking acoustic Doppler velocimetry and non-intrusive free-surface measurement devices. 
The experiments were designed to study a range of positive surges with a minimum number of 
dependant variables. Most tests were conducted with a horizontal bed slope, a constant flow rate (Q 
= 0.040 m3/s) and uncontrolled flow conditions. The only dependant variable was the downstream 
gate opening after closure. 
Two main types of positive surge were observed. For surge Froude numbers Fr less than 1.7, the 
bore was an undular surge. For Fr < 1.4 to 1.5, the first wave crest free-surface was smooth and 
some cross-waves were observed. For intermediate Froude numbers some breaking was seen at the 
first wave crest. For larger surge Froude numbers (Fr > 1.7), a weak (breaking) surge was observed 
and the surge front had a marked roller. 
Detailed turbulent measurements were conducted in the initial flow at one location. Instantaneous 
velocity measurements beneath surges showed a marked effect of the surge passage. Streamwise 
velocities were characterised by a rapid flow deceleration at all vertical elevations, and some flow 
reversal were measured next to the bed in the weak surge flow. Large fluctuations of transverse 
velocities were recorded beneath the surges. Turbulent stresses were deduced from high-pass 
filtered data. The results showed large normal and tangential Reynolds stresses beneath the surge 
front. A comparison between undular and weak surge data suggested two main mechanisms of bed 
scour and scalar transport. In weak surge flows, the data showed some rapid flow separation 
beneath the surge front. In undular surges, maximum Reynolds stresses were observed beneath and 
just before each wave crest. 
Experimental results were compared with data sets obtained in stationary hydraulic jumps and in 
tidal bores. The latter field measurements and observations emphasised very-strong turbulence 
levels behind bore fronts that might be underestimated in small-size laboratory channels and in bore 
experiments propagating in stationary fluid. Overall the present study demonstrated the uniqueness 
of positive surges and some key differences with hydraulic jumps flows. 
 
Keywords : Tidal bore, Positive Surge, Turbulence, Physical modelling, Acoustic Doppler 
velocimetry, Unsteady turbulent velocity measurements, Free-surface measurements, Reynolds 
stresses, Mascaret, Pororoca, Aegir. 
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NOTATION 
The following symbols are used in this report : 
A flow cross-section area (m2); 
aw wave amplitude (m); 
C celerity (m/s) of a small disturbance for an observer travelling with the flow; 
Cc contraction coefficient; 
Cs volume sediment concentration; 
DH hydraulic diameter : DH = 4*A/Pw; 
D1 dimensionless constant: D1 = 5 in open channel flow; 
D2 dimensionless function of the boundary roughness; 
d flow depth (m) measured normal to the invert; 
dc critical flow depth (m) : dc = 
3
q2/g in a rectangular channel; 
dconj conjugate flow depth (m) measured immediately behind the surge front; 
do initial flow depth (m) measured normal to the chute invert; 
E specific energy (m) defined as : E = H - zo; 
Fcutoff cutoff frequency (Hz) for low/high pass filtering; 
Fr 1- flow Froude number : Fr = V/ g*d; 
 2- surge Froude number: Fr = (U±V)/ g*d; 
f Darcy-Weisbach friction factor; 
g gravity constant (m/s2); g = 9.8 m/s2 in Brisbane, Australia 
H total head (m); 
Ho dimensionless hole size in quadrant analysis; 
h gate opening (m) after gate closure; 
K von Karman constant: K = 0.40; 
ks equivalent sand roughness height (m); 
L length (m); 
Lw wave length (m); 
N velocity power law exponent; 
P pressure (Pa); 
Pw wetted perimeter (m); 
Q volume flow rate (m3/s); 
Qsrg volume flux (m3/s) satisfying continuity for an observed travelling with surge front 
(quasi-steady flow analogy); 
q volume flow rate per unit width (m2/s): q = Q/W; 
R normalised covariance function; 
Re Reynolds number; 
Rxx normalised auto-correlation function; 
Rxy normalised cross-correlation function; 
So bed slope : So = sinθ; 
TE Eulerian integral time scale (s); 
t time (s); 
U surge front celerity (m/s), positive upstream; 
V 1- velocity (m/s) positive downstream; 
 2- instantaneous velocity (m/s); 
Vb velocity (m/s) measured with a Preston tube lying on the bed; 
Vo initial flow velocity (m/s) positive downstream; 
Vmax free-stream velocity (m/s) in a boundary layer flow; 
V* shear velocity (m/s); 
Vx streamwise velocity (m/s) positive downstream; 
v 
Vy transverse velocity (m/s) positive towards the left sidewall; 
Vz vertical velocity (m/s) positive upwards; 
V⎯ time-averaged velocity (m/s); 
v turbulent velocity fluctuation (m/s) : v = V - V⎯; 
v' root mean square of turbulent velocity component (m/s); 
W channel width (m); 
Wa wake function; 
x longitudinal distance (m) measured from the channel intake, positive downstream; 
y transverse distance (m) measured from the right sidewall; 
z distance (m) normal to the bed; vertical distance (m) for a horizontal channel; 
zo bed elevation (m); 
 
Greek symbols 
α gate angle with channel bed : α = 90º for a vertical sluice gate; 
∆d flow depth discontinuity (m) at the positive surge front; 
∆H total head loss (m); 
∆t time period (s); 
δ boundary layer thickness (m) defined in terms of 99% of the free-stream velocity; 
δ1 boundary layer displacement thickness (m); δ2 boundary layer momentum thickness (m); δ3 boundary layer energy thickness (m); δt time increment (s); 
ε total dissipation per unit mass (SI units); 
λf Eulerian dissipative length scale (s); µ dynamic viscosity (Pa.s); 
ν kinematic viscosity (m2/s) : ν = µ/ρ ; 
Π wake parameter 
π π = 3.141592653589793238462643; 
θ bed slope angle with the horizontal, positive downwards; 
ρ water density (kg/m3); 
ρs sediment density (kg/m3); τ time lag (s); 
τE Eulerian dissipative time scale (s); τo boundary shear stress (Pa); 
 
Subscript 
ADV acoustic Doppler velocimeter data; 
conj conjugate flow conditions: i.e., immediately behind the positive surge front; 
low low-pass filtered component; 
Pitot Prandtl-Pitot tube data; 
s sediment properties; 
x streamwise component positive downstream; 
y component transverse to the channel (i.e. normal to right sidewall); 
z component normal to the invert; 
o initial flow conditions : i.e., upstream of the positive surge front; 
1 upstream flow conditions; 
2 downstream flow conditions; 
 
vi 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter; 
D/S downstream; 
LDA laser Doppler anemometer; 
LDV laser Doppler velocimeter; 
Std standard deviation 
U/S upstream; 
 
Notation 
Ø diameter; 
V⎯ time-average of V; 
∂
∂y partial differentiation with respect to y. 
 
1 
1. INTRODUCTION 
1.1 PRESENTATION 
A positive surge results from a sudden change in flow that increases the depth : e.g., a partial or 
complete closure of a gate (e.g. HENDERSON 1966, CHANSON 1999). Positive surges are 
commonly observed in man-made channels. They may be induced by control structures (e.g. gates) 
installed along water supply canals for irrigation and water power purposes. Another form of 
positive surge is the tidal bore which is a positive surge of tidal origin. Tsunami-induced bores were 
also observed : e.g., in Hawaii in 1946, in Japan in 1983 and 2003, and in Thailand, Malaysia and 
Sri Lanka during the 26 December 2004 tsunami (SHUTO 1985, CHANSON 2005a). 
Although a positive surge may be analysed using a quasi-steady flow analogy, its inception and 
development is commonly predicted using the method of characteristics and Saint-Venant equations 
(BARRÉ de SAINT VENANT 1871) (1). For example, in an estuary, during the flood tide, the 
tailwater level increases with time, and the forward characteristics converge and eventually 
intersect at a point where the water depth has two values at the same time: i.e., the abrupt front of 
the tidal bore. After formation of the surge, the flow properties immediately upstream and 
downstream of the front must satisfy the continuity and momentum principles (e.g. RAYLEIGH 
1908, HENDERSON 1966, LIGGETT 1994, CHANSON 2004a,b). For a fully-developed positive 
surge, the application of the momentum principle is simple : the flow conditions are solved as a 
quasi-steady flow situation using the momentum equation developed for the hydraulic jump. The 
positive surge is seen by an observer travelling at the surge speed U as a quasi-steady flow situation 
called a "hydraulic jump in translation" (Fig. 1-1). In a rectangular, horizontal channel and 
neglecting friction loss, the solution of the continuity and momentum equations applied to a control 
volume across the surge front yields : 
 
dconj
do
  =  
1
2 * ( )1 + 8*Fr2  -  1  (1-1) 
 
Frconj
Fr   =  
23/2
( )1 + 8*Fr2  -  1 3/2
 (1-2) 
where dconj and do are respectively the new and initial flow depths (Fig. 1-1), and the Froude 
numbers Fr and Frconj are the surge Froude numbers defined respectively as : 
 Fr  =  
Vo + U
g * do
 (1-3) 
 Frconj  =  
Vconj +U
g * dconj
 (1-4) 
where U is the surge velocity as seen by an observer immobile on the channel bank and positive in 
the upstream direction, V is the flow velocity, the subscript o refers to the initial flow conditions 
and the subscript conj refers to the new (conjugate) flow conditions (Fig. 1-1). 
For surge Froude numbers below 1.3 to 1.7, the bore exhibits an undular profile (see Section 4), the 
ratio dconj/do is close to unity, and the rate of energy dissipation is negligible (CHANSON 
1995,2001). Classical experimental investigations included BAZIN (1865b), FAVRE (1935), 
ZIENKIEWICZ and SANDOVER (1957), SANDOVER and HOLMES (1962), BENET and 
CUNGE (1971). PONSY and CARBONNELL (1966) and TRESKE (1994) presented a 
comprehensive description of undular surge in trapezoidal channels of large sizes. CHANSON 
                                                 
1In his milestone paper, Adhémar Jean Claude BARRÉ de SAINT VENANT (1797-1886) applied his 
famous equations to the tidal bore of the Seine river (BARRÉ de SAINT VENANT 1871). 
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(1995) compared the characteristics of undular surge with those of undular hydraulic jumps. For 
larger surge Froude numbers, the surge has a breaking front, and some energy dissipation takes 
place in the roller. 
Positive surges were studied by hydraulicians and applied mathematicians for a few centuries. 
Pertinent reviews comprised BENJAMIN and LIGHTHILL (1954), SANDER and HUTTER 
(1991), and CUNGE (2003). Major contributions included the works of BARRÉ de SAINT 
VENANT (1871), BOUSSINESQ (1877), and more recently LEMOINE (1948), SERRE (1953) 
and BENJAMIN and LIGHTHILL (1954). Several researchers discussed the development of a 
positive surge (e.g. TRICKER 1965, PEREGRINE 1966, WILKINSON and BANNER 1977, 
TELES DA SILVA and PEREGRINE. 1990, SOBEY and DINGEMANS 1992). 
To date, most experimental studies were limited to visual observations and sometimes free-surface 
measurements. These rarely encompassed turbulence but a few limited studies (e.g. YEH and MOK 
1990, HORNUNG et al. 1995). 
 
Fig. 1-1 - Definition sketch of a positive surge 
 
 
 
1.2 TIDAL BORES 
When a river mouth has a flat converging shape with a tidal range exceeding 6 to 9 m, the river may 
experience a tidal bore. A tidal bore is basically a series of waves propagating upstream as the tidal 
flow turns to rising. As the positive surge progresses inland, the river flow is reversed behind it 
(e.g. LYNCH 1982, CHANSON 2001, 2004c,d). A tidal bore on the Indus river wiped out the fleet 
of Alexander the Great (2). The best historically documented tidal bores are probably those of the 
                                                 
2The tidal bore on Indus river (Pakistan) mistreated the fleet of Alexander the Great in B.C. 325 (or B.C. 326 
?) (ARRIAN 1976, Vol. 2, pp. 156-161, Anabis of Alexander, VI, 19; QUINTUS CURCIUS 1984 p. 233, 
3 
Seine river (France) and Qiantang river (China). The mascaret of the Seine river was documented 
first during the 7th and 9th centuries AD, and in writings from the 11th to 16th centuries. It was 
locally known as "la Barre". The Qiantang river bore, also called Hangzhou bore, was early 
mentioned during the 7th and 2nd centuries BC, and it was described in 8th century writings. The 
bore was then known as "The Old Faithful" because it kept time better than clocks. Another famous 
tidal bore is the "pororoca" of the Amazon river observed by PINZON and LA CONDAMINE in 
the 16th and 18th centuries respectively. The Hoogly (or Hooghly) bore on the Gange was 
documented in 19th century shipping reports. Smaller tidal bores occur on the Severn river near 
Gloucester, England, on the Garonne and Dordogne rivers, France, at Turnagain Arm and Knik 
Arm, Cook Inlet (Alaska), in the Bay of Fundy (at Petitcodiac and Truro), on the Styx and Daly 
rivers (Australia), and at Batang Lupar (Malaysia). Figure 1-2 illustrates some tidal bores. 
The occurrence of tidal bores has a significant impact on river mouths and estuarine systems. Bed 
erosion and scour take place beneath the bore front while suspended matters are carried upwards in 
the ensuing wave motion. The process contributes to significant sediment transport with deposition 
in upstream intertidal areas. Basically tidal bores induce strong mixing and dispersion in the river 
mouth. Classical mixing theories do not account for such type of discontinuities. Analogies with 
hydraulic jumps and positive surges suggest that both vertical and transverse mixing coefficients 
are much greater than the estuary flow diffusivities (in absence of bore). Tidal bores impact 
significantly on eco-systems. Few studies documented the effects, but these are difficult because of 
the limited number of bore occurrence each year at one site. 
Field measurements in tidal bores are scarce, and often present relatively limited and coarse data 
(see Section 6). The existence of tidal bores is based upon a fragile hydrodynamic balance, which 
may be easily disturbed by changes in boundary conditions and freshwater inflow (e.g. CHANSON 
2004c, 2005b,c). Man-made interventions led to the disappearance of several bores, with often 
adverse impacts onto the eco-system : e.g., the mascaret of the Seine river (Fra.) no longer exists 
and the Colorado river bore (Mex.) is drastically smaller after dredging. Although the fluvial traffic 
gained in safety in each case, the ecology of the estuarine zones were adversely affected. The tidal 
bores of the Couesnon (Fra.) and Petitcodiac (Ca.) rivers almost disappeared after construction of 
an upstream barrage (Fig. 1-2D). At Petitcodiac, this yielded the elimination of several diadromous 
(3) fish species, including the American shad, Atlantic salmon, Atlantic tomcod, Striped bass and 
Sturgeon (LOCKE et al. 2003). 
 
1.3 STRUCTURE OF THE REPORT 
Up to date, very limited quantitative information is available on turbulent mixing induced by tidal 
bores, because the hydrodynamics of positive surges and their turbulence properties have not been 
studied with fine instrumentation under well-defined flow conditions. It is the purpose of this paper 
to document the flow field and turbulence characteristics in tidal bores and positive surges under 
controlled flow conditions. New free-surface and turbulent velocity measurements were performed 
in a large-size laboratory facility. The unsteady flow results provide an unique characterisation of 
the advancing bore front, of the unsteady turbulent velocity field, and of the associated turbulent 
mixing processes. The findings yield a new understanding of positive surge and bore 
hydrodynamics. 
Sections 2 and 3 detail the experimental setup and characterise the initial flow conditions. Unsteady 
flow results are presented in Sections 4 and 5. They are discussed in Section 6. 
 
                                                                                                                                                                  
Book 9, [9]). Hubert CHANSON read both accounts that are both very detailed and an accurate description 
of a tidal bore process. 
3migratory between salt and fresh waters. 
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Fig. 1-2 - Photographs of tidal bores 
(A) Photographs of the Hangzhou bore on the Qiantang river on 11 November 2003 
(A1) Looking downstream at the incoming bore (Courtesy of Dr Cheng LIU, IRTCES) 
 
 
 
 
(A2) Looking from the left bank at the bore front, with the bore propagating from left to right 
(Courtesy of Dr Cheng LIU, IRTCES) 
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(B) Tidal bore in Cornwallis estuary, Bay of Fundy, Canada (Courtesy of Dr Richard FAAS, 
University of Southern Mississippi) - Bore propagation from left to right 
 
 
 
 
(C) Photographs of tidal bore of the Sélune river, Baie du Mont Saint Michel, France on 7 April 
2004 - The tidal range was 13.7 m and the coefficient was 107 
(C1) Sée-Sélune river tidal bore (Photograph by H. CHANSON) - Looking at the advancing tidal 
bore in front of Ile de Tombelaine - The tidal bore front was more than 1 km wide 
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(C2) Sélune river tidal bore in front of Roche-Torin around 8:10 am (Photograph by H. 
CHANSON) - Note the almost-disappearance of the bore in the deep channel section, the undular 
bore besides, the breaking bores in shallower waters and the bore advancing over dry bed in 
background 
 
 
(C3) Sélune river tidal bore at Pontaubault around 9:01 am (Photograph by H. CHANSON) - 
Looking downstream at the incoming tidal bore (mascaret) downstream of Pont Aubaud with some 
kayaks - Note the banks undercut by the bore in background 
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(D) Tidal bore of the Couesnon river, Baie du Mont Saint Michel, France on 7 March 2004 around 
18:25 (Photograph by H. CHANSON) - The tidal range was 12.3 m and the coefficient was 97 - 
View from the right bank, with undular bore propagation from right to left at sunset 
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2. EXPERIMENTAL SETUP AND METHODS 
2.1 EXPERIMENTAL APPARATUS 
New experiments were performed in a large tilting flume located in the Gordon McKAY Hydraulic 
Laboratory of the Department of Civil Engineering at the University of Queensland (Fig. 2-1). The 
channel was 0.5 m wide and 12 m long. It was made of smooth PVC bed and glass walls. The 
waters were supplied by a constant head tank. A tainter gate was located next to the downstream 
end of the channel at x = 11.15 m. Its controlled and rapid closure induced a positive surge 
propagating upstream. Preliminary qualitative studies were conducted with a range of bed slopes, 
flow rates and initial conditions. During the present study, the channel slope was mostly set to zero, 
and the gate opening after sudden gate closure ranged from 0 (complete closure) to 90 mm. 
Additional experiments were conducted in a 20 m long, 0.25 m wide tilting flume for flow 
visualisations. 
The water discharge was measured with bend meters which were calibrated in-situ with a large V-
notch weir. The percentage of error was expected to be less than 2%. In steady flows, the water 
depths were measured using rail mounted pointer gauges and acoustic displacement meters. 
Unsteady water depths are measured with acoustic displacement meters Microsonic™ 
Mic+25/IU/TC with an accuracy of 0.18 mm and a response time of 50 ms (4). The displacement 
meter outputs are scanned at 25 and 50 Hz per sensor (5). The displacement meters were calibrated 
with steady flows on-site against pointer gauge measurements for a range of water depths. 
Calibration tests were performed with both still waters and flowing waters (i.e. open channel 
flows). The latter was considered more accurate and realistic. Since the acoustic displacement meter 
output is a function of the strength of the acoustic signal reflected by the free-surface, some 
erroneous points may be recorded when the free-surface is not horizontal. In this study, the effects 
of the surface slopes on the sensor outputs were tested in undular surge flow conditions. The 
acoustic displacement readings were compared with instantaneous free-surface profiles captured 
with a high-speed camera. The results were found to be within the accuracy of the systems, 
although a few spurious points were sometimes observed. 
Pressure and velocity measurements in steady flows were performed with a Prandtl-Pitot tube. The 
Pitot tube design was based on the Prandtl design (e.g. TROSKOLANSKI 1960), and it was 
compared with a British Standards design within 1% in wind tunnel tests for Reynolds numbers 
ranging from 1E+5 to 9E+5. The Prandtl-Pitot tube was further calibrated as a Preston tube based 
upon in-situ experiments (CHANSON 2000). The calibration curve differed quantitatively from 
similar calibration curves developed by PRESTON (1954) and PATEL (1965), but experience 
gained at the University of Queensland suggested that each Preston tube must be calibrated in situ, 
rather than relying on existing correlations (Appendix A). The Prandtl-Pitot tube (6) had an external 
diameter Ø = 3.02 mm and the pressure head (i.e. total head) at the tip was measured through a 1 
mm hole. The distance between the tip of the probe and the lateral pressure points (Ø = 0.5 mm) 
was 9 mm. The Pitot tube was connected to an inclined manometer which gave the total head and 
piezometric head respectively: 
 H(1)  =  
P
ρ * g  +  zo  +  z * cosθ  +  
V2
2 * g  (2-1) 
while the second reading provided the pressure head plus the elevation : 
 H(2)  =  
P
ρ * g  +  zo  +  z * cosθ  (2-2) 
                                                 
4Website: {http://www.microsonic.de/}. 
5During each experiment, the scanning rate was identical for the acoustic displacement meters and the 
acoustic Doppler velocimeter. 
6Hydraulics Laboratory Pitot tube No. 3. 
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where H(1)  and H(2)  are vertical heads positive upwards, P is the pressure, zo is the bed elevation 
(positive upward), V is the velocity, z is the distance normal to the invert (Fig. 2-1A), θ is the 
channel slope and g = 9.80 m/s2 in Brisbane. At a given cross-section and at a distance y from the 
channel bed, the local total head H, pressure P, velocity V and specific energy E were deduced as : 
 H  =  H(1)  (2-3) 
 
P
ρ * g  =  H(2)  -  (zo  +  z *cosθ)  (2-4) 
 V  =  2 * g * (H(1) - H(2))  (2-5) 
 E  =  H(1)  -  zo  (2-6) 
 
Fig. 2-1 - Experimental channel 
(A) Definition sketch 
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(B) Photograph of the two channels, with the wider flume on the left - Flow from the foreground to 
background 
 
 
Fig. 2-2 - Photographs of the experimental setup 
(A) Acoustic Doppler velocimeter (ADV) and acoustic displacement meter (ADM) at x = 5 m 
(Photograph by C. KOCH) - Looking downstream, with the ADV sampling volume located at y/W 
= 0.75 - The ADV red sensor is pointing downstream, and the ADM sensor (blue) is looking 
downward onto the sampling volume - Shock waves are seen on the first crest of a positive surge 
propagating upstream beneath the sensors 
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(B) Looking upstream at the Prandtl- Pitot tube (y/W = 0.9) through the left sidewall 
 
 
The estimation of the channel bed elevation was deduced from the pressure distribution boundary 
condition : P = 0 (atmospheric pressure) at the free-surface (i.e. z = d). 
Turbulent velocity measurements were conducted with an acoustic Doppler velocimeter Sontek™ 
16 MHz micro-ADV (serial number A641F). The probe had a two-dimensional side-looking head 
with a distance to sampling volume of 5 cm. With this arrangement, the closest measurement 
distance from the bed was 7.2 mm. The Vx velocity component was aligned with the longitudinal 
flow direction and positive downstream, while the Vy velocity component was oriented normal to 
the channel sidewall and positive towards the left sidewall (7). The velocity range was 1.0 m/s, the 
data accuracy was 1%, and the sampling rate was 25 and 50 Hz, although most unsteady flow 
experiments were conducted with a 50 Hz sampling rate. Steady flow data were post-processed 
with the software WinADV (version 2.010). 
The translation of Pitot-Prandtl and ADV probes in the vertical direction was controlled by a fine 
adjustment travelling mechanism connected to a MitutoyoTM digimatic scale unit (Absolute 
Digimatic). The error on the vertical position of the probe was ∆z < 0.025 mm. The accuracy on the 
longitudinal position was estimated as ∆x < +/- 2 mm. The accuracy on the transverse position of 
the probe was less than 1 mm. 
Additional informations were obtained with digital cameras Panasonic™ Limux DMC-FZ20GN 
(shutter: 8 to 1/2,000 sec.) and Canon™ A85 (shutter: 15 to 1/2,000 sec.), and a digital video-
camera Sony™ DV-CCD DCR-TRV900 (speed 25 fr/sec., shutter: 1/4 to 1/10,000 sec.). 
 
2.2 EXPERIMENTAL PROCEDURE FOR POSITIVE SURGE GENERATION 
Steady flow experiments were performed in the channel for a range of flow rates with both 
uncontrolled conditions (sub-, trans- and super-critical flows) and sub-critical conditions controlled 
by a downstream gate. A summary of experimental flow conditions is given in Table 2-1. 
                                                 
7The acoustic Doppler velocimeter heads were aligned with the positive (red) receiver downstream, and the 
transmitter and receivers facing the left sidewall (Fig. 2-1A). 
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Unsteady flow experiments were conducted for a range of initial conditions (Table 2-1). For each 
positive surge experiment, the inflow was uncontrolled prior to gate closure and the bed slope was 
quasi-horizontal. The flow rate, supplied to the channel intake, was constant throughout the 
experiment. Gradually-varied flow conditions were established for at least 10 minutes prior to 
measurements. A positive surge was generated by the rapid closure of a downstream tainter gate. 
The gate closure occurred in less than 0.1 to 0.2 sec. 
Flow measurements and data acquisition were started for 2 minutes prior to gate closure (partial or 
complete). After gate closure the travelling bore propagated upstream against the gradually-varied 
flow over the full channel length. Each experiment was stopped when the bore front reached the 
channel intake structure. Tests were repeated systematically for different gate closures. 
Detailed velocity and free-surface elevation measurements were performed with a horizontal bed 
slope (Table 2-1). During the velocity measurement experiments, the acoustic Doppler velocimeter 
(ADV) was located at a distance x = 5 m from the channel intake and at y/W = 0.5 (CL), 0.75, 0.90 
and 0.95, where y is the transverse distance measured from the right sidewall and W is the channel 
width (W = 0.5 m). The acoustic displacement meters were located at x = 10.95 m, 7.25 m, 6 m, 5.1 
m and 5 m. The latter displacement meter sampled the free-surface elevation immediately above the 
ADV sampling volume (Fig. 2-2A), while the other sensors were always placed on the channel 
centreline (y/W = 0.5). 
 
2.3 BOUNDARY SHEAR STRESS ESTIMATES IN STEADY OPEN CHANNEL FLOWS 
In open channels, the turbulent boundary layer may be partially- or fully-developed. Figure 2-2A 
illustrates a fully-developed flow. In both cases, the boundary layer comprises of an inner region 
where boundary friction is dominant, and an outer region. In steady flows, the boundary shear stress 
τo, and the shear velocity V* = τo/ρ, may be estimated by several methods. Most are based upon 
a comparison between velocity distribution data on the channel centreline and theoretical profiles. 
A summary follows. 
 
Table 2-1 - Experimental flow conditions 
 
Experiment Slope 
So 
Q do 
(x = 5 m)
Gate opening 
(after closure)
Description Remarks 
  m3/s m m   
(1) (2) (3) (4) (5) (6) (7) 
Flow visualisation 
experiments 
0 to 
0.007 
0.01 to 
0.05 
0.021 to 
0.12 
0 (complete 
closure) to 0.09
Undular and 
breaking surges 
W = 0.5 m. 
Detailed free-surface 
measurements 
      
Steady flows 0 0.040 0.079 -- Uncontrolled 
gradually-
varied flow 
W = 0.5 m. 
Unsteady flows 0 0.040 to 
0.041 
0.078 to 
0.079 
0.01 to 0.092 Undular and 
breaking surges 
W = 0.5 m. 
Detailed flow velocity 
measurements 
      
Steady flows 0 0.040 0.079 -- Uncontrolled 
gradually-
varied flow 
W = 0. 5 m. 
Unsteady flows      W = 0.5 m. 
 0 0.040 0.079 0.020 Undular surge  
 0 0.040 0.079 0.080 Weak surge  
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Fig. 2-2 - Turbulent boundary layer flows 
(A) Sketch of fully-developed open channel flow 
(B) Dimensionless velocity distribution in the inner region 
(C) Definition sketch of the control volume for the integral momentum method 
 
 
(1) In the inner flow region, the velocity profile follows a logarithmic profile (Fig. 2-2B). The inner 
flow region is defined as : z/δ or z/d < 0.1, for partially-developed flow or for fully-developed flow 
respectively, where δ is the boundary layer thickness defined in terms of 99% of the free-stream 
velocity. For a smooth turbulent boundary layer, the log-law profile is :  
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V
V*
  =  
1
K * Ln⎝⎜
⎛
⎠⎟
⎞V* * z
ν   +  D1 30 to 70 < 
V* * z
ν   and  
z
δ < 0.1  (2-7) 
where V is the velocity at a distance z measured normal to the boundary, V* is the shear velocity, ρ 
is the water density, K is the von Karman constant (K = 0.40) and D1 is a constant. SCHLICHTING 
(1979) indicated D1 = 5.5, but MONTES (1998, p. 75) re-analysed open channel flow data yielding 
D1 = 5.0 (8). 
Surface roughness has an important effect on the flow in the inner region. For a turbulent boundary 
layer along a rough plate, the 'law of the wall' (or log-law) follows : 
 
V
V*
  =  
1
K * Ln⎝⎜
⎛
⎠⎟
⎞V* * z
ν   +  D1  +  D2 
z
δ < 0.1  (2-8) 
where D2 is a function of the roughness height, of roughness shape and spacing (e.g. 
SCHLICHTING 1979, SCHETZ 1993). For large roughness, the flow is said to be "fully-rough" 
and D2 may be estimated as : 
 D2  =  3  -  
1
K * Ln⎝⎜
⎛
⎠⎟
⎞ks * V*
ν  Fully-rough turbulent flow  (2-9) 
where ks is the equivalent sand roughness height (SCHLICHTING 1979, p. 620). After 
transformation, the velocity distribution in the turbulent zone for fully-rough turbulent flow 
becomes : 
 
V
V*
  =  
1
K * Ln⎝⎜
⎛
⎠⎟
⎞z
ks
  +  8.5 
y
δ < 0.1 for fully-rough turbulent flow  (2-10) 
 
(2) The flow region defined as 0.1 ≤ z/δ ≤ 0.15 to 0.2 is often called the overlap or transition zone. 
Above, in the outer region, COLES (1956) extended the logarithmic profile to the outer region by 
adding a "wake law" term : 
 
V
V*
  =  
1
K * Ln⎝⎜
⎛
⎠⎟
⎞V* * z
ν   +  D1  +  
Π
K * Wa⎝⎜
⎛
⎠⎟
⎞y
δ  30 to 70 < 
V* * z
ν   (2-11) 
where Π is the wake parameter, and Wa is the wake function, originally estimated as (COLES 
1956): 
 Wa⎝⎜
⎛
⎠⎟
⎞z
δ   =  2 * sin2⎝⎜
⎛
⎠⎟
⎞π
2 * 
z
δ  (2-12) 
MONTES (1998, pp. 77-79) showed that the wake function and parameter differs between open 
channel and pipe flows. 
A more suitable presentation of the velocity distribution in the outer region (z/δ or z/d > 0.1 to 0.2) 
is the "velocity defect law" (9). In open channels, MONTES (1998) presented two outer region 
                                                 
8For completeness, Equation (2-7) is not valid in the "viscous" sub-layer (V**z/ν < 30 to 70). YU and 
YOON (2005) proposed a velocity formula that describes the entire inner region including the sublayer : 
 
V
V*
  =  ⎝⎜
⎛
⎠⎟
⎞1
K * Ln⎝⎜
⎛
⎠⎟
⎞V* * z
ν   +  D1  * ⎝⎜
⎛
⎠⎟
⎞
1  - exp⎝⎜
⎛
⎠⎟
⎞
- 0.14 * 
V* * z
ν   for 
z
δ < 0.1 
9For circular pipes, von KARMAN proposed the velocity defect law : 
 
Vmax  -  V
V*
  =  - 
1
K * ⎝⎜
⎛
⎠⎟
⎞Ln⎝⎜
⎛
⎠⎟
⎞1 - 1 - zδ   +  1  -  
z
δ   
where Vmax is the free-stream velocity (e.g. SCHLICHTING 1979). PRANDTL derived a slightly different 
relationship : 
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velocity laws that matched well experimental data in developing and fully-developed open channel 
flows. 
Assuming a Prandtl mixing length independent of the distance to the boundary, a simplified 
expression proposed by MONTES (1998) is : 
 
Vmax  -  V
V*
  =  5.55 * ⎝⎜
⎛
⎠⎟
⎞1  -  zδ
3/2
 0.2 to 0.3  ≤  zδ  (2-13) 
A more sophisticated profile may be based upon ZAGUSTIN's turbulence model : 
 
Vmax  -  V
V*
  =  
2
K * tanh
-1
⎝⎜
⎛
⎠⎟
⎞
⎝⎜
⎛
⎠⎟
⎞1  -  zδ
3/2
 0.15 to 0.2  ≤  zδ  (2-14) 
Equation (2-14) and its gradient are continuous with the log-law near the wall. 
Both Equations (2-13) and (2-14) were compared successfully with present data, although Equation 
(2-14) tended to give a slightly better agreement in the overlap region (Section 3, Fig. 3-4B). 
 
Remarks 
The velocity distribution in fully-developed turbulent open channel flows is given approximately by 
Prandtl's power law : 
 
V
Vmax
  =  ⎝⎜
⎛
⎠⎟
⎞z
d
1/N
 (2-15) 
where the exponent 1/N varies from 1/4 down to 1/12 depending upon the boundary friction and 
cross-section shape. A complete analysis of velocity distribution in open channel and pipe flows 
showed that, in uniform equilibrium open channel flows, the velocity distribution exponent is 
related to the flow resistance : 
 N  =  K * 
8
f (2-16) 
where f is the Darcy-Weisbach friction factor and K is the von Karman constant (K = 0.4) (CHEN 
1990, CHANSON 1999). 
 
(3) Integral momentum method 
Considering a developing two-dimensional boundary layer, with zero longitudinal pressure 
gradient, the application of the integral momentum method yields an ordinary differential equation 
involving the basic boundary layer characteristics (Fig. 2-2C). The result is called von Karman's 
integral momentum equation : 
 
∂
∂x⎝⎜
⎜⎛
⎠⎟
⎟⎞⌡⌠
z=0 
 δ
V * (Vmax - V) * dz   +  
∂ Vmax
∂x  * ⌡⌠
z=0 
 δ
(Vmax - V) * dz  =  
τo
ρ  (2-17) 
where δ is the boundary layer thickness, Vmax is the free-stream velocity and τo is the boundary 
shear stress (e.g GERHART et al. 1992). Let us introduce the displacement thickness δ1 and 
momentum thickness δ2 defined respectively as : 
                                                                                                                                                                  
 
Vmax  -  V
V*
  =  - 
1
K * Ln⎝⎛ ⎠⎞
z
δ  
which tended to gave slightly better agreement with experimental results in circular pipes. Both approaches 
were developed for circular pipes and are not suitable in open channels. 
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 δ1  =  ⌡⎮
⌠
0 
 δ
⎝⎜
⎛
⎠⎟
⎞1 - VVmax  * dz 
 δ2  =  ⌡⎮
⌠
0 
 δ
V
Vmax
 * ⎝⎜
⎛
⎠⎟
⎞1 - VVmax  * dz 
An abbreviated form of the integral momentum equation is then : 
 
∂ δ2
∂x   +  
1
Vmax
 * 
∂ Vmax
∂x  * (2 *δ2  +  δ1)  =  
f
8 (2-18) 
where f = 8*τo/(ρ*Vmax2) is similar to a Darcy friction factor. 
 
(4) In the outer flow region, the shear velocity may be deduced also from the turbulence properties. 
In the outer layer of fully-developed open channel flows, LDA measurements by NEZU and 
NAKAGAWA (1993) and NEZU (2005) yielded : 
 
vx'
2
V*
  =  2.26 * exp⎝⎜
⎛
⎠⎟
⎞- 0.88 * zd  for 0.1 ≤ 
z
d ≤ 0.9  (2-19) 
where x is the streamwise direction, z is the distance normal to the invert, vx'2 is the standard 
deviation of the streamwise velocity component and V* is the shear velocity. 
The same data set yielded an expression of the dimensionless turbulent kinetic energy : 
 
1
2 * (vx'
2 + vy'
2 + vz'
2)
V*
2   =  4.78 * exp⎝⎜
⎛
⎠⎟
⎞-2 * zd  (2-20) 
Note that the same data sets implied : vz'2/ vx'2 = 0.55. The results apply typically to the outer 
layer of fully-developed open channel flows, but they are not valid in the inner layer. 
 
(5) In the outer region of fully-developed two-dimensional open channel flows, the dimensional 
tangential Reynolds stress (in steady flows) follows : 
 
- vx*vz
⎯⎯⎯
V*
2   =  1  -  
z
d  -  Σ Outer layer 
z
δ > 0.1 to 0.15  (2-21) 
assuming a log-wake law, where the mean product vx*vz
⎯⎯  is the covariance of vx and vz, also called 
tangential Reynolds stress, and vx and vz are respectively the turbulent velocity fluctuations in the 
x (streamwise) and z (vertical) directions. On the right handside of Equation (2-21), the last term Σ 
is a viscous term that vanishes in the outer layer. Equation (2-21) may be used to estimate the shear 
velocity based upon Reynolds stress measurements in the outer layer (NEZU 2005, p.234). 
However, in three-dimensional open channel flows, Equation (2-21) is not valid next to the free-
surface because the term vx*vz
⎯⎯⎯ may become positive. 
 
(6) For fully-developed open channel flow, the boundary shear stress, and the shear velocity, may 
be estimated from the mean flow velocity Vo = Q/(W*do) and the Darcy-Weisbach friction factor f: 
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 τo  =  f8 * ρ * Vo2 (2-22) 
where the Darcy friction factor is calculated using the Moody diagram or the Colebrook-White 
formula (e.g. IDELCHIK 1986,1994). The result is an estimate of the average boundary shear stress 
on the wetted perimeter. 
 
(7) The boundary shear stress may be measured with a Preston tube (App. A). The Preston tube 
records the velocity gradient next to the boundary and the measure is directly related to the 
boundary shear stress (PRESTON 1954). With appropriate calibrations and validations, the device 
provides a quantitative estimate of the bed shear stress. Herein the Prandtl-Pitot tube was used as a 
Preston tube, and the calibration results of CHANSON (2000), using a same Pitot tube design and 
dimensions, were used: 
 τo  =  3.428 * Vb1.654 (2-23) 
where τo is the boundary shear stress (in Pa) and Vb is the velocity (in m/s) measured by the 
Prandtl-Pitot tube lying on the boundary. Equation (2-23) is similar to the calibration curves 
obtained by PRESTON (1954) and PATEL (1965), and to that of MACINTOSH (1990) who used 
the same experimental channel as CHANSON (2000). Further calibration and verification tests 
were performed to check the instrument accuracy in uniform and non uniform channels (Appendix 
A). The data accuracy was expected to be about 2 % on dynamic and static pressures, 1 % on local 
velocity and 5 % on boundary shear stress. 
 
Summary and discussion 
The methods (1) and (7) are based upon the flow properties next to the wall. They provide some 
estimate of the local bed shear stress. Note that the method (1) is based upon the assumption of a 
logarithmic profile. It is valid in a wide channel and on the channel centreline, but is invalid next to 
the channel sidewall in a narrow channel (W/d < 5 to 10). The methods (2), (3), (4) and (5) are 
based upon velocity measurements in the bulk of the turbulent boundary layer (i.e. in the outer 
layer). They provide information on the bed shear stress. For a narrow channel (W/d < 5 to 10), 
they are applicable only on the channel centreline. The method (6) assumes a fully-developed flow 
and it gives a measure of the average boundary shear stress. 
There might be further methods to estimate the boundary shear stress (e.g. OSTERLUND 1999, 
KIM et al. 2000). But no method should be applied without independent validation and data check. 
 
2.4 ACOUSTIC DOPPLER VELOCITY METROLOGY 
Acoustic Doppler velocimetry (ADV) is designed to record instantaneous velocity components at a 
single-point with relatively high frequency. Measurements are performed by measuring the velocity 
of particles in a remote sampling volume based upon the Doppler shift effect (e.g. VOULGARIS 
and TROWBRIDGE 1998, McLELLAND and NICHOLAS 2000). The probe head includes one 
transmitter and two or three receivers. The sampling volume is located either 5 or 10 cm from the 
tip of the probe, but some studies showed that the distance might change slightly (e.g. CHANSON 
et al. 2000). Its size is determined by the sampling conditions. In a standard configuration, the 
sampling volume is about a cylinder of water with a diameter of 6 mm and a height of 9 mm for a 
standard ADV, although WAHL (2003) argued its exact shape. In the present study, with the micro-
ADV, the sampling volume is believed to be three times smaller in terms of volume (SONTEK 
2001): that is, about a cylinder of water with a diameter of 4.2 mm and a height of 6.2 mm. Several 
studies discussed the effects of boundary proximity on the sampling volume (see below). 
An ADV system records simultaneously four values with each component of a sample: the velocity 
component, the signal strength value, the correlation value and the signal-to-noise ratio. Signal 
strengths, signal-to-noise ratios and correlations are used primarily to determine the quality and 
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accuracy of the velocity data, although the signal strength (acoustic backscatter intensity) may be 
related to the instantaneous suspended sediment concentration with proper calibration (e.g. 
FUGATE and FRIEDRICHS 2002, NIKORA and GORING 2002, VOULGARIS and MEYERS 
2004). Herein the study is focused on the velocity signals, and the correlation and signal-to-noise 
ratio values were used during the post-processing. Past and present experiences demonstrated many 
problems with "raw" ADV velocity data. In turbulent flows, the ADV velocity fluctuations 
characterise the combined effects of the Doppler noise, signal aliasing, velocity fluctuations, 
turbulent shear and other disturbances. LEMMIN and LHERMITTE (1999) and CHANSON et al. 
(2000,2002) discussed the inherent noise of an ADV system. Spikes may be caused by aliasing of 
the Doppler signal. NIKORA and GORING (1998) and GORING and NIKORA (2002) developed 
techniques to eliminate these in steady flow situations. VOULGARIS and TROWBRIDGE (1998) 
and MARTIN et al. (2002) discussed respectively the averaging effect of sharp mean velocity 
gradients near a boundary and low correlations in high-turbulent shear regions. Basically "raw" 
ADV velocity data should never be used without adequate post-processing. 
For all experiments, present experience demonstrated recurrent problems with the velocity data, 
including low correlations and low signal to noise ratios. Some problem was also experienced with 
limited communication errors. During preliminary experiments with Brisbane tap waters, the 
problems were possibly worst with time-averaged signal correlations below 50% and time-averaged 
signal to noise-ratios of about 2 to 5 dB (10). Such values were deemed inadequate for turbulent 
velocity analyses (e.g. McLELLAND and NICHOLAS 2000, SONTEK 2001). The situation 
improved drastically by mixing some vegetable dye (Dytex Dye™ Ocean Blue) in the entire water 
recirculation system. On the channel centreline, the time-averaged correlations and signal to noise 
ratios increased typically to over 80% and about 5 to 15 dB. 
 
Effect of solid boundaries 
Several researchers argued that high velocity shear and boundary proximity may affect the ADV 
data (e.g. FINELLI et al. 1999, MARTIN et al. 2002, LIU et al. 2002) (see Appendix B). Herein 
steady flow measurements were repeated systematically with the micro ADV probe and the Pitot-
Prandtl tube. In the present study, the ADV sensor was side-looking and the closest (vertical) 
measurement distance from the bed was 7.2 mm. With the Pitot-Prandtl tube, the closest 
measurement location was 1.5 mm from the boundary, when the outer tube touched gently the 
boundary. 
On the channel centreline (y = 0.25 m), detailed comparison between Prandtl-Pitot tube velocity 
data and micro ADV streamwise velocity component data showed no difference within the 
measurement accuracy. The results suggested that the bed proximity (i.e z = 7.2 mm) had no effect 
on the Vx velocity component data with a 2-D side-looking micro ADV probe. 
Velocity data comparisons between micro ADV and Prandtl-Pitot tube systems were further 
conducted at y = 0.473, 0.450, and 0.375 m (or 27, 50 and 125 mm from the left sidewall) with the 
micro ADV sensors facing the left sidewall. Experimental data indicated that the streamwise 
velocity data were not affected by the presence of the channel bed at y = 0.450 and 0.375 m as 
observed at y = 0.250 m. However the ADV data underestimated the velocity in the vicinity of a 
sidewall (y > 0.455 mm). This was associated with a drastic decrease in average signal correlations, 
average signal-to-noise ratios and amplitudes next to the wall (App. B). 
At y = 0.473 m, the comparison between Prandtl-Pitot and micro ADV data yielded an empirical  
correlation to correct the ADV streamwise velocity as a function of the vertical distance z from the 
bed : 
 1  -  
VADV
VPitot
 =  0.1925 * exp⎝⎜
⎛
⎠⎟
⎞
- 
(0.01485 - z)2
0.0014472  y = 0.473 m  (2-24) 
                                                 
10Afterwards it was found that screens installed in the channel intake structure filtered "too many" dust and 
dirt particles, impairing the basic acoustic Doppler velocimetry operation. 
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where z is in metres. Equation (2-24) is restricted to the investigated flow conditions, with a 2D 
side-looking micro ADV 16 MHz in a channel equipped with a PVC bed and glass sidewalls. 
It must be stressed that past and present studies were limited to a comparison of time-average 
streamwise velocity component. No test was performed on instantaneous velocities, turbulent 
velocity fluctuations nor Reynolds stresses. Further no comparative test was conducted in unsteady 
flows. 
 
ADV data post-processing 
In steady flows, turbulent velocity analyses were conducted systematically for all data. Initially, the 
post-processing technique included (A) a velocity signal check and (B) some despiking. In the 
Velocity signal check (A), the ADV velocity data were "cleaned" by removing communication 
errors, low signal-to-noise ratio data (average SNR < 5 dB) and low correlation samples (average 
correlation < 60%). In the Despiking stage (B), the phase-space thresholding technique was used 
(11). The technique was proposed by GORING and NIKORA (2002) and extended by WAHL 
(2003) for steady open channel flows. The concept of the phase-space thresholding technique is 
based upon the fact that the differentiation enhances the high frequency part of a signal and good 
data cluster in a dense cloud in the phase space plotted using the variable and its derivative against 
each other. The technique was successfully applied to open channel flows in man-made channels 
and to hydraulic jump flows at low inflow Froude numbers (e.g. GORING and NIKORA 2002, LIU 
et al. 2004). In the present study, the application of the phase-space thresholding technique to the 
data yielded almost no errors : i.e., typically less than 1 error per 1000 samples. Therefore the data 
processing was focused on the Velocity signal check (A) performed with the software WinADV™ 
2.010. 
The micro acoustic Doppler velocimetry system provided instantaneous values of two velocity 
components. It was oriented with the xy-plane being horizontal, the x-direction aligned with the 
flow direction and positive downstream, and the y-direction being the transverse direction positive 
towards the left sidewall. The ADV velocity component orientation was checked systematically. 
For each location, the system of reference was adjusted by rotating the xy-plane with an angle such 
that the filtered steady flow data yielded a zero time-averaged Vy component. Overall the rotation 
angle was typically less than 1 degree, demonstrating that the ADV probe was properly set up. (The 
vertical direction was checked systematically to be perpendicular with the steady flow water free-
surface.) 
In unsteady flows (i.e. beneath a bore), the above post-processing was not applied. Indeed both 
ADV signal check techniques and "classical" despiking techniques were only developed for steady 
flows. They are not applicable to unsteady flows (e.g. NIKORA 2004, Person. Comm.). This was 
demonstrated in natural estuarine flows (e.g. CHANSON, TREVETHAN and AOKI 2005). In the 
present study, unsteady flow post-processing was limited to a removal of communication errors and 
a replacement by interpolation. Note that communication errors were minimum and represented 
typically less than 0.1% of all samples. All unsteady data samples showed relatively larger 
correlations and signal-to-noise ratios than steady flow signals, and this is discussed in Section 5. 
 
2.5 REMARKS 
The present study focused on simple laboratory experiments performed under controlled flow 
conditions in a relatively large size flume. The writers observed that it was difficult to set a series of 
experiments that were repeatable consistently. It was also difficult to select suitable experimental 
flow conditions enabling the study of several types of bores/surges with a minimum of dependant 
parameters. In sections 4 and 5, the only dependent variables was the downstream undershoot 
opening after gate closure. 
                                                 
11CHANSON, TREVETHAN and AOKI (2005) showed that another technique, called acceleration 
thresholding method, was inappropriate in natural systems, and it was not considered suitable herein. 
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For completeness the senior writer was well aware of physical modelling limitations including scale 
effects. The latters could be particularly significant in narrow channels (sidewall effects) and with 
small initial depths associated with low Reynolds numbers (viscous effects). The present setup (do 
= 0.08 m, Vo = 1 m/s, W = 0.5) was selected to conduct a study based upon distorted Froude 
similitude and to minimise potential scaling effects associated with viscous force scaling and 
sidewall effects. 
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3. INITIAL, STEADY FLOW CONDITIONS: TURBULENT FLOW PROPERTIES 
AND STRUCTURE 
3.1 PRESENTATION 
The initial steady flow conditions were studied thoroughly to gain comprehensive details on the 
initial flow properties and turbulence characteristics. The unsteady flow properties are presented in 
Sections 4 and 5. The present section discusses the initial flow characteristics. 
The flow rate was set at Q = 0.040 m3/s, the bed slope was So = 0, and the channel flow was 
uncontrolled ending with a free overfall at the downstream end. A typical dimensionless 
longitudinal free-surface profile is presented in Figure 3-1 where x is the longitudinal distance 
measured from the channel intake and dc is the critical flow depth (1). The flow was basically 
transcritical over all the channel length, but next to the overfall : i.e., d/dc ~ 0.95 in average. 
The fluctuations of free-surface elevations were recorded with acoustic displacement meters. Two 
scan rates were used : 25 and 50 Hz, and the results were found independent of the sampling rate. A 
summary is presented in Table 3-1. At each location, the probability distribution function of 
instantaneous flow depth was Gaussian, and typical standard deviation values are reported in Table 
3-1 (column 3). 
Visually the flow was slightly undular for x ≤ 2 m (2), possibly as a result of flow disturbance 
including flow convergence in the intake section (x ≤ 0). At near-critical flow conditions, a small 
change in specific energy (e.g. induced by boundary shear) may induce large changes in water 
depths. At the downstream channel end, the flume ended with an overfall and a rapid change in 
water depth was observed in the last metre of the flume (Fig. 3-1). 
 
3.2 VELOCITY AND PRESSURE DISTRIBUTIONS 
The time-average velocities were recorded with both Prandtl-Pitot tube and micro ADV 16 MHz. 
The Prandtl-Pitot tube provided further the local pressure and specific energy. The turbulent 
velocity fluctuations were recorded using the micro ADV system with sampling rates of 25 and 50 
Hz for 120 s. (See Discussion below.) The velocity signals were checked as described in Section 
2.4. 
 
Fig. 3-1 - Dimensionless longitudinal free-surface profile for Q = 0.04028 m3/s (run M11, point 
gauge measurements) 
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1For a rectangular channel, the critical flow depth equals : dc = 
3
Q3/(g*W) where g is the gravity 
acceleration and W is the channel width. 
2See Appendix D, Figures D-2D and D-2E. 
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Table 3-1 - Measured water depths and water depth fluctuations in steady flow for Q = 0.040 m3/s, 
So = 0 (centreline data, uncontrolled channel, scan rate 25 Hz) 
 
x d Std(d) Remarks 
 point gauge ADM  
m m m  
(1) (2) (3) (4) 
5 0.0795 0.0005 Acoustic Doppler velocimeter location. 
5.1 0.078 0.0004  
6.0 0.081 0.0007  
7.25 0.0795 0.00065  
10.95 0.0754 0.0006  
 
Notes: ADM : acoustic displacement meter; Std : standard deviation. 
 
Typical pressure and velocity distributions measured at x = 5 m are presented in Figures 3-2 and 3-
3. The data are presented in dimensionless terms, where do is the measured flow depth at x = 5 m, 
and Vo is the flow velocity (Vo = Q/(W*do)). First both Pitot tube and ADV velocity distribution 
data showed that the flow was symmetrical around the channel centreline. But the flow field was 
not two-dimensional (Fig. 3-2B). Larger velocities were always observed on the channel centreline 
(Fig. 3-2). In the present study, the ratio W/do was 6.3 while open channel flow conditions must 
satisfy W/d > 5 to 10 to be regarded as two-dimensional (HENDERSON 1966, CHANSON 1999, 
NEZU 2005). 
Second all the data showed that the flow was not fully-developed in the first half of the channel. 
That is, it consisted a turbulent boundary layer with an ideal fluid flow region above. At x = 5 m, 
the boundary layer thickness was estimated as δ/do = 0.6 to 0.8 with Pitot tube and ADV data 
respectively (Table 3-2). In a partially-developed flow, the velocity distribution followed : 
 
V
Vmax
  =  ⎝⎜
⎛
⎠⎟
⎞z
δ
1/N
 0  ≤  zdo  ≤  
δ
do
  (3-1a) 
 
V
Vmax
  =  1 
δ
do
  ≤  zdo  ≤  1  (3-1b) 
where δ is the boundary layer thickness, z is the distance normal to the invert, V is the streamwise 
velocity component, Vmax is the free-stream velocity, and the exponent N is a function of the bed 
roughness (for a smooth turbulent flow, N = 7). The integration of the entire velocity profile must 
further satisfy the conservation of mass. It yields a relationship between the free-stream velocity 
Vmax and the flow velocity Vo : 
 
Vmax
Vo
  =  ⎝⎜
⎜⎛
⎠⎟
⎟⎞
1  -  
δ
do
N + 1
-1
 (3-2) 
Equation (3-1) is compared with experimental data in Figure 3-2, in which the free-stream velocity 
was estimated using Equation (3-2). 
The pressure distributions measured at x = 5 m with the Prandtl-Pitot tube were hydrostatic at all 
transverse locations (Fig. 3-3). Figure 3-3 shows also dimensionless distributions of specific 
energy, where the specific energy E is proportional to the total energy using the bed elevation as the 
datum : 
 E  =  z  +  
V2
2 * g (3-3) 
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where V is the streamwise velocity. 
 
3.2.1 Discussion: sampling time 
It is acknowledged that the sampling time (i.e. 120 s) might be too short to obtain statistically 
meaningful turbulence characteristics. Some researchers used longer periods of about 3 to 5 
minutes with similar flow conditions, instrumentation and sampling rate (e.g. LIU et al. 2004). But 
others sampled for much shorter periods (e.g. BUFFIN-BELANGER and ROY 2005). 
A sensitivity analysis was performed in steady flows with two scan rates (25 & 50 Hz), total 
sampling times between 3 and 5 minutes, and in both gradually-varied and uniform equilibrium 
flows. The data were analysed in terms of average velocity and standard deviation of both Vx and 
Vy velocity components (App. F). The results indicated that Vx statistical properties were more 
sensitive to the sampling times, and that the ADV turbulent velocity properties may be affected 
adversely for sampling durations less than 60 to 200 seconds. Hence it is acknowledged that the 
sampling time (i.e. 120 s) might be slightly too short to obtain truly unbiased turbulence 
characteristics. 
 
Fig. 3-2 - Dimensionless time-average velocity distributions at x = 5 m for Q = 0.040 m3/s, do = 
0.079 m, So = 0 
(A) Comparison between Prandtl-Pitot tube and ADV data at y/W = 0.5 (Centreline) and y/W = 0.9, 
and Equation (3-1) assuming N = 7 
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(B) Prandtl-Pitot tube data at 4 transverse locations 
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Fig. 3-3 - Dimensionless distributions of pressure and specific energy at x = 5 m for Q = 0.040 
m3/s, do = 0.079 m, So = 0 - Prandtl-Pitot tube data at 4 transverse locations 
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3.2.2 Discussion: boundary layer characteristics 
The basic characteristics of the developing boundary layer were calculated from the velocity 
distribution measurements at x = 5 m (Table 3-2). The results included the boundary layer 
thickness, displacement thickness, momentum thickness and energy thickness. Overall both 
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measurement techniques gave close results, although it is acknowledged that the ADV lacked 
spatial resolution next to the bed. Herein the Prandtl-Pitot tube data were considered most accurate 
because of the finer vertical resolution in terms of both measurement volume and proximity to 
boundary. 
Present velocity data are compared with  theoretical velocity profiles in turbulent boundary layer in 
Figure 3-4. For each data set shown in Figure 3-4, the shear velocity V* was deduced from the best 
data fit with the theoretical curves (see further discussion in Section 3.4). The centreline velocity 
data followed closely the logarithmic law in the inner region (Fig. 3.4A) and a 1/7 power law in the 
outer region (Fig. 3-2 & 3.4A). The findings demonstrated that the flume was "hydraulically 
smooth" and the flow was smooth turbulent. 
In Figure 3-4A, present data are compared with some experimental data by OSTERLUND (1999) 
in a large wind tunnel operating at comparable Reynolds numbers (3). Interestingly OSTERLUND 
used an oil film interferometry technique to measure the shear velocity, independently of the 
logarithmic law (OSTERLUND et al. 2000). 
 
Table 3-2 - Characteristics of the developing boundary layer at x = 5 m for Q = 0.040 m3/s, do = 
0.079 m, So = 0 
 
Parameter Prandtl-Pitot 
tube data 
ADV data Remarks 
(1) (2) (3) (4) 
Free-stream velocity Vmax (m/s) = 1.12 1.13 Experimental data. 
Relative boundary layer thickness δ /do= 0.61 0.80 Experimental data. 
Relative displacement thickness δ1/δ = 0.135 0.210 Experimental data. 
Relative momentum thickness δ2/δ = 0.111 0.148 Experimental data. 
Relative energy thickness δ3/δ = 0.099 0.118 Experimental data. 
Power law exponent N = 7 -- Best data fit. 
 
Notes : All results were based upon the channel centreline measurements. 
 
3.3 TURBULENT VELOCITIES AND REYNOLDS STRESSES 
3.3.1 Experimental results 
Figure 3-5 presents dimensionless distributions of normal Reynolds stresses. Figure 3-5A shows 
vx'2/Vo2 and vy'2/Vo2 as functions of z/do at several dimensionless transverse locations y/W, 
where the Vx velocity component is the streamwise component and the Vy velocity component is 
the transverse component oriented normal to the flow direction and positive towards the left 
sidewall. The caption gives some details on the experimental conditions, including the percentage 
of "good samples" after velocity signal check. 
The ratio vy'2/vx'2 was in average about 0.28 at all transverse locations, but next to the sidewall. 
The present finding differs from the observations of NEZU and NAKAGAWA (1993) in fully-
developed open channels flows (vy'2/vx'2 = 0.5), but XIE stressed that it is "hard to find precise 
data of the transverse turbulence intensity" vy' (XIE 1998, p. 117). At y/W = 0.95 (next to 
sidewall), the ratio vy'2/vx'2 was in average 0.15, but note the decreasing number of valid data with 
decreasing distance (1-y/W) from the sidewall. This is discussed in more details in Appendix B. 
                                                 
3Databank : {http://www2.mech.kth.se/~jens/zpg/index.html}. 
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Fig. 3-4 - Dimensionless centreline velocity distributions : comparison between theoretical 
expressions and experimental data at x = 5 m for Q = 0.040 m3/s, do = 0.079 m, So = 0, y/W = 0.5 
(A) Logarithmic velocity profiles in the inner flow region V/V* as a function of z*V*/ν (Eq. (2-7)) 
- Comparison with present experimental data (Pitot tube and ADV) and large wind tunnel data by 
OSTERLUND (1999) 
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(B) Outer flow region velocity profiles (Vmax-V)/V* as a function of z/δ (Eq. (2-13), (2-14) & (3-
1)) - Comparison with experimental data (Pitot tube and ADV) 
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Figure 3-5B presents the normal stresses vx'2/V*2 and vy'2/V*2 as functions of z/δ for the 
centreline data. In Figure 3-5B, present data were calculated using the most accurate estimate of the 
shear velocity on the channel centreline : i.e., V* = 0.044 m/s (Section 3.4). The data were 
successfully compared with the experimental results of KARLSSON and JOHANSSON (1986), 
APELT and XIE (1995), XIE (1998), TACHIE (2001), DE GRAAF and EATON (2000) and NEZU 
(2005) (4). Present data exhibited a qualitative agreement with all previous studies, and they showed 
a good quantitative agreement with the experiments of XIE and TACHIE in smooth open channel 
flows (e.g. Fig. 3-5B). 
Figure 3-5C presents the dimensionless turbulent kinetic energy 0.5*(vx'2+vy'2+vz'2)/V*2 as 
functions of z/δ for centreline data. Results were obtained assuming vy' ≈ vz' (SCHLICHTING 
1979, SCHETZ 1993). The data are compared with a correlations by NEZU (2005) based upon 
laboratory measurements in fully-developed open channel flows (Eq. (2-20)), and the results show a 
reasonable agreement in the boundary layer (Fig. 3-5C). 
 
3.3.1.1 Tangential Reynolds stress 
Figure 3-6 shows distributions of dimensionless tangential Reynolds stresses vx*vy
⎯⎯ /V*2 on the 
channel centreline. Present data were calculated assuming V* = 0.044 m/s (Section 3.4). The 
magnitude of the time-average Reynolds stresses ρ*vx*vy⎯⎯  was relatively small although the order 
of magnitude was similar to XIE's (1998) data in uniform open channel flow. The present data were 
carefully checked. Despite a lack of comparative data in open channels, it is possible that present 
transcritical flow conditions (i.e. do/dc = 0.91) would yield different results from slower subcritical 
flow conditions. 
Note that the vertical trend in terms of dimensionless tangential Reynolds stress vx*vy
⎯⎯ /V*2 was 
consistent with experimental data in terms of tangential stresses vx*vz
⎯⎯ /V*2 (DE GRAFF and 
EATON 2000, TACHIE 2001). 
For completeness, Figure 3-7 presents the time-average accelerations dvx/dt
⎯⎯  and dvy/dt⎯⎯ , where vx 
and vy are the instantaneous velocity fluctuations. That is, v = V - V
⎯. 
 
3.3.2 Conditional sampling 
The quadrant analysis is a technique commonly used in boundary layer flows to study bursting 
events. It is based upon a conditional analysis of the instantaneous dimensionless tangential 
Reynolds stress : e.g., vx*vy/vx*vy
⎯⎯  or vx*vz/vx*vz⎯⎯ . For dimensionless Reynolds stresses below a 
specified magnitude, the event is not recognised as a major event ("hole").  
Quadrant analyses are traditionally performed in the vx-vz vertical plane (Fig. 3-8). Above a 
threshold, there are four quadrants corresponding to different burst events (WALLACE et al. 1972, 
WILLMARTH and LU 1972, LU and WILLMARTH 1973). The contributions of quadrants Q1 
(vx, vz > 0) and Q3 (vx, vz < 0) are associated respectively with outward and inward interactions. 
The quadrant Q2 contributions (vx < 0, vz > 0) are associated with ejections of fluid and lift-up of 
                                                 
4The data of KARLSSON and JOHANSSON (1986) were obtained in a water tunnel using a 2-component 
LDV system. APELT and XIE (1995) and XIE (1998) performed LDV (2 components) measurements in a 
fully-developed uniform open channel with subcritical flow. The experiments of TACHIE (2001) were 
performed in a developing boundary layer in open channel flow. The data of DE GRAAF and EATON 
(2000) were obtained in a large size wind tunnel operating at flow Reynolds number comparable to the 
present study. The correlations of NEZU (2005) were based upon laboratory measurements in fully-
developed open channel flows with subcritical conditions. 
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low-speed streaks of fluids. The quadrant Q4 contributions (vx > 0, vz < 0) are associated with 
sweeps. In the near-wall region, the Q2 and Q4 contributions mostly contribute to the average 
tangential stress ρ*vx*vz⎯⎯ . Several researchers proposed to use a hyperbolic-shaped "hole region" 
(e.g. WILLMARTH and LU 1972). That is, the hole region is defined as : 
 |vx * vz|  <  Ho * |vx*vz
⎯⎯ | (3-4) 
where Ho may range from 0 to over 30. Each quadrant may be characterised by a time fraction and 
contribution rate that are functions of the dimensionless hole size Ho (NEZU and NAKAGAWA 
1993, p. 179). 
In the present study, conditional sampling was applied in the vx-vy horizontal plane and a typical 
example is shown in Figure 3-9. Figure 3-9 presents the fractional time in each quadrant assuming a 
zero hole (Ho = 0), where the fractional time is expressed in percentage of the total number of good 
samples.  
The contributions of each quadrant Q1 (vx, vy > 0), Q2 (vx < 0, vy > 0), Q3 (vx, vy < 0) and Q4 
contributions (vx > 0, vy < 0) may be associated with the advection of turbulent structures 
including vortical motion with vertical axis. 
 
Fig. 3-5 - Dimensionless distributions of normal Reynolds stresses and turbulent kinetic energy at x 
= 5 m for Q = 0.040 m3/s, do = 0.079 m, So = 0 
(A) Dimensionless turbulent velocity distributions vx'2/Vo2 and vy'2/Vo2 at several transverse 
locations (y/W = 0.5, 0.75, 0.90 and 0.95) 
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(B) Dimensionless turbulent velocity distributions vx'2/V*2 and vy'2/V*2 on the channel centreline 
(y/W = 0.5) at x = 5.0 m in the developing boundary layer assuming V* = 0.044 m/s - Comparison 
with NEZU's (2005) experimental correlations and experimental data by DE GRAAF and EATON 
(2000) (Air flow, Re = 3 E+5, Vmax = 17.15 m/s, δ = 0.036 m) and TACHIE (2001) (Water flow, 
Re = 2.9 E+5, Vmax = 0.737 m/s, δ = 0.046 m, d = 0.100 m, run B-SM1) 
Run 050530 050519 050506 
Sampling rate 50 50 25 
Percentage of "good samples" 80% 98% 53% 
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(C) Dimensionless turbulent kinetic energy distribution 0.5*(vx'2+vy'2+vz'2)/V*2 on the channel 
centreline (Run 050530, sampling rate: 50 Hz, percentage of "good samples": 80%) - Comparison 
with NEZU's (2005) data 
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Fig. 3-6 - Dimensionless tangential Reynolds stress distributions vx*vy
⎯⎯ /V*2 on the channel 
centreline at x = 5 m for Q = 0.040 m3/s, do = 0.079 m, So = 0 assuming V* = 0.044 m/s 
Run 050530 050519 050506 
Sampling rate 50 50 25 
Percentage of "good samples" 80% 98% 53% 
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3.3.2.1 Remarks 
In the present study, "conventional" conditional sampling and quadrant analysis with non-zero hole 
size (Ho >0) were difficult because the magnitude of tangential stresses ρ*vx*vy⎯⎯  was very low 
(Fig. 3-6). It is conceivable that the sampling time was too short, and that bursting events next to 
the wall were discarded because high shear induced correlation errors in the ADV system (see 
discussion in Section 2 and App. B). However it is also possible that observed transcritical flow 
conditions (i.e. do/dc = 0.91) were unsuitable for traditional conditional sampling. The latter was 
developed for turbulent boundary layers in air flow and applied only to sub-critical open channel 
flows. 
It is suggested that any conventional analysis in the vx-vy horizontal plane should focus on 
sequences of events. For example, a sequence Q1-Q2-Q3 would correspond likely to a large eddy 
rotating in the anti-clockwise direction viewed in elevation. 
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Fig. 3-7 - Dimensionless time-average accelerations dvx/dt
⎯⎯ /g and dvy/dt⎯⎯ /g on the channel centreline 
at x = 5 m for Q = 0.040 m3/s, do = 0.079 m, So = 0 assuming V* = 0.044 m/s 
Run 050530 050519 050506 
Sampling rate 50 50 25 
Percentage of "good samples" 80% 98% 53% 
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Fig. 3-8 - Sketch of the four quadrants in the vx-vz plane 
 
 
 
3.4 SHEAR VELOCITY ESTIMATES 
The shear velocity V*, and bed shear stress τo, were estimated using several techniques outlined in 
Section 2. The complete results in terms of the shear velocity are summarised in Table 3-3 (column 
2). In Table 3-3, the columns 1 and 3 refer to the boundary shear stress estimate methods presented 
in paragraph 2.3. 
First note that the shear velocity estimates showed some scatter depending upon the estimation 
technique (Table 3-3). Secondly the results deduced from Prandtl-Pitot tube and ADV data were 
consistent. Further, with the ADV data, similar results were obtained with two sampling rates (25 
and 50 Hz). 
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Fig. 3-9 - Conditional analysis in the vx-vy plane : fractional time in each quadrant at x = 5 m for Q 
= 0.040 m3/s, do = 0.079 m, So = 0 (run 050530, sampling rate: 50 Hz, 80% good samples) - 
Calculations performed for Ho = 0 (zero hole size) 
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In the present study, it is believed that the shear velocity estimates based upon the method (4) were 
inappropriate. These were based upon experimental correlations obtained in fully-developed open 
channel flows in a fluvial regime motion. In the present study, the flow was partially-developed 
(δ/do = 0.6) and transcritical. The method (3) is valid in developing boundary layer flows, but it is 
sensitive to the boundary layer thickness estimate. Reasonable results were obtained using 
MONTES' (1998) simplified expression (Eq. (2-13)) and ZAGUSTIN's model (Eq. (2-14)), 
although they tended to overestimate the shear velocity. 
The method (6) is always a robust technique, although it gives an estimate of the cross-sectional 
average shear stress. The writers believed strongly that the methods (1) and (7) were the most 
accurate, reliable and representative techniques. Method (1) was best applied with the Prandtl-Pitot 
tube data set in the present study. (The lowest position of the ADV sampling volume was 7.2 mm, 
compared to 1.5 mm for the Prandtl-Pitot tube. Hence the ADV data covered only a short section of 
the inner flow region.) Method (7) was based upon a carefully-calibrated relationship for circular 
Preston-Prandtl-Pitot tube similar to the one used in the present study. The relationship (Eq. (2-23)) 
was based upon the momentum integral equation applied to a fully-developed open channel flow at 
uniform equilibrium, when the flow resistance counterbalanced exactly the gravity force component 
in the flow direction. Hence method (7) was considered the most robust technique herein. 
In summary, it is believed that an accurate estimate of the centreline shear velocity was V* = 0.044 
m/s at x = 5 m for Q = 0.040 m3/s, do = 0.079 m and a partially developed flow (δ/do = 0.6). This 
implied a "viscous" sublayer thickness : 5*ν/V* = 0.11 mm and a viscous time scale : ν/V*2 = 0.52 
ms. 
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Table 3-3 - Estimates of the shear velocity on the channel centreline at x = 5 m using different 
methods 
 
Ref. V* Calculation method Remarks 
 m/s   
(1) (2) (3) (4) 
(1) 0.0437 Comparison of velocity data with Pitot tube data. Equation (2-7). 
 0.0370 logarithmic profile ADV data (25 Hz). Equation (2-7). 
 0.03715 (inner flow region) ADV data (50 Hz). Equation (2-7). 
(2a) 0.062 Comparison of velocity data with Pitot tube data. Equation (2-13). 
 0.099 Montes expression (outer region) ADV data (25 & 50 Hz). Equation (2-13).
(2b) 0.10 Comparison of velocity data with Pitot tube data. Equation (2-14). 
 0.10 Zagustin model (outer flow region) ADV data (25 & 50 Hz). Equation (2-14).
(4) 0.0037 Comparison of normal Reynolds ADV data (25 Hz). Equation (2-19). 
 0.0040 shear stresses with NEZU's data 
(outer flow region) 
ADV data (50 Hz). Equation (2-19). 
(6) 0.056 Darcy friction factor calculations 
(Moody diagram) 
Based upon measured flow rate and water 
depth data. 
(7) 0.0450 Preston-Prandtl-Pitot tube operation. Pitot tube data and Equation (2-23). 
 
Notes : x = 5 m, Q = 0.040 m3/s, do = 0.079 m, So = 0; Ref.: method presented in paragraph 2.3; 
All calculations but (6) are based upon channel centreline data (section 2.3). 
 
3.5 TURBULENT TIME AND LENGTH SCALES 
3.5.1 Turbulent dissipative and integral time scales 
The autocorrelation function Rxx is defined as the normalised autocorrelation function of the x- (or 
y-) velocity fluctuations : 
 Rxx(τ)  =  
R(vx(t), vx(t-τ))
vx'
2  (3-5) 
for a single-point measurement where vx = Vx - V
⎯
x, V
⎯
x is the time average velocity component, 
Vx is the instantaneous velocity, R is the covariance function and vx'2 is the variance of the 
velocity. Two basic time scales may be derived from the auto-correlation function for each velocity 
component : the dissipation time scale τE and the integral time scale TE (Fig. 3-10). 
The Eulerian dissipation time scale τE may be estimated from the curvature of the auto-correlation 
function at τ = 0. It is a measure of the most rapid changes that occur in the fluctuations of vx(t) or 
vy(t) (HINZE 1975). Using a Taylor series expansion of the autocorrelation function, the 
dissipation time scale may be expressed as : 
 τE  =  2 * 
vx'
2
⎝⎜
⎛
⎠⎟
⎞∂ vx
∂t
2⎯⎯⎯⎯
 (3-6) 
Practically, Equation (3-6) may be used to obtain a "measured time scale" τE(δt) based upon the 
time increment δt : 
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 τE(δt)  =  2 * 
vx'
2
⎝⎜
⎛
⎠⎟
⎞δvx
δt
2⎯⎯⎯
 (3-7) 
where 1/δt is the sampling rate. The calculations are repeated for several time increments δt, and the 
dissipation time scale τE is the limit of the function τE(δt) for δt → 0 (HALLBACK et al. 1989). 
HALLBACK et al. (1989) proposed the following interpolation: τE(δt) = τE * 1 + β*(δt/τE)2. 
FRANSSON et al. (2005) used the interpolation: τE(δt) = τE * 1 + β*δt/τE. In the present study, 
best results were achieved assuming a quadratic interpolation function: τE(δt) = τE + β*δt + γ*δt2 
for 0.02 ≤ δt ≤ 0.08 s. Overall this approach is deemed a more accurate technique to estimate the 
dissipation time scale τE (HALLBACK et al. 1989, FRANSSON et al. 2005). It was successfully 
applied in the present study. 
The Eulerian integral time scale is defined as : 
 ΤE  =  ⌡⌠
τ=0 
 t(Rxx(t)=0)
Rxx(τ) dτ (3-8) 
with an upper bound (PIQUET 1999) (Fig. 3-10). The integral time scale ΤE is a rough measure of 
the longest connection in the turbulent behaviour of vx(τ). 
The above calculations were applied to the present data set. Typical results are presented in Figures 
3-11 and 3-12 in terms of dimensionless dissipative time scale and integral time scale for both 
horizontal and transverse velocity fluctuations. In average, the dissipative time scales were about 3 
E-5 and 6 E-5 s for the x- and y-velocity components respectively. In average, the integral time 
scales were about 0.065 s and 0.03 s for the x- and y-velocity components respectively. 
 
 
Fig. 3-10 - Definition sketch of the autocorrelation function 
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Fig. 3-11 - Dimensionless dissipative time scales τE* g/δ for vx and vy on the channel centreline 
at x = 5 m for Q = 0.040 m3/s, do = 0.079 m, So = 0 assuming V* = 0.044 m/s (Run 050530, 
sampling rate: 50 Hz, 80% good samples) 
0
0.2
0.4
0.6
0.8
1
1.2
0 0.0005 0.001 0.0015 0.002
τE.sqrt(g/δ)
z/
δ
vx Run 050530 (50 Hz)
vy Run 050530 (50 Hz)
 
 
 
Fig. 3-12 - Dimensionless integral time scales TE* g/δ for vx and vy on the channel centreline at x 
= 5 m for Q = 0.040 m3/s, do = 0.079 m, So = 0 assuming V* = 0.044 m/s 
Run 050530 050519 050506 
Sampling rate 50 50 25 
Percentage of "good samples" 80% 98% 53% 
0
0.2
0.4
0.6
0.8
1
1.2
0 0.5 1 1.5TE.sqrt(g/δ)
z/
δ
vx Run 050530 (50 Hz)
vy Run 050530 (50 Hz)
vx Run 050519 (50 Hz)
vy Run 050519 (50 Hz)
vx Run 050506 (25 Hz)
vy Run 050506 (25 Hz)
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3.5.2 Turbulent length scales 
LAUFER and LIEPMANN demonstrated (HINZE 1975, p. 133) that the Eulerian dissipation length 
scale λf may be measured as : 
 
1
λf  =  
π * No
Vx
⎯  * 2
 (3-9) 
where Vx
⎯  is the time average advective velocity component and No is the average number of zeros 
of the vx fluctuations per unit time. The dissipation scale λf may be considered as a measure of the 
eddies responsible for the dissipation, although it is not a measure for the smallest eddies. Equation 
(3-9) is valid in real turbulence provided that the probability density function of vx and of dvx/dx 
are Gaussian. Dimensionless estimates of the dissipation length scale are presented in Figure 3-13, 
where λf was calculated using Equation (3-9). Note that the data suggest that the results may be 
functions of the sampling rate. For a 50 Hz sampling rate, the dissipation length scale was in 
average 31 mm. 
When Taylor's hypothesis (5) is valid, the Eulerian dissipation scale λf and Eulerian dissipation time 
scale τE are related by (HINZE 1975, p. 47): 
 λf  =  Vx⎯  * τE (3-10) 
The dissipation scale λf is also called the micro-scale. In isotropic turbulence, the total dissipation 
per unit mass, or dissipation rate, ε and the dissipation length scale are related by (HINZE 1975, pp. 
218-219): 
 ε  =  30 * ν * vx'
2
λf2
 (3-11) 
where ν is the fluid kinematic viscosity. 
Present results did not satisfy Equation (3-10), possibly because the sampling rate was too low. This 
would be consistent with the drastic effect of sampling rate on λf seen in Figure 3-13. 
 
3.6 REMARKS 
Present results demonstrated that the initial flow conditions were transcritical (i.e. near-critical) for 
most of the channel length. While it is acknowledged that such transcritical conditions might not be 
typical of tidal bore conditions nor water supply channels, these were selected because it enabled to 
generate both undular (non-breaking) bores and weak (breaking) surges with the same initial 
conditions, the only dependant parameter being the downstream gate opening after closure. 
Detailed turbulence properties were recorded in the developing flow region. The data set 
complements existing data sets typically obtained in slow fluvial flow conditions. 
 
                                                 
5Taylor's hypothesis states : 
 
∂
∂t  =  - V
⎯ * ∂∂x 
HINZE (1975, p. 46) discussed the negative sign. 
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Fig. 3-13 - Dimensionless dissipation length scale λf/δ (Eq. (3-9)) on channel centreline (y/W = 
0.5) at x = 5 m for Q = 0.040 m3/s, do = 0.079 m, So = 0 assuming V* = 0.044 m/s 
Run 050530 050519 050506 
Sampling rate 50 50 25 
Percentage of "good samples" 80% 98% 53% 
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4. UNSTEADY FLOW EXPERIMENTS: FREE-SURFACE PROFILES 
4.1 PRESENTATION 
Detailed unsteady free-surface measurements were performed for a range of flow conditions (Table 
4-1). For each experiment, the initial flow conditions corresponded to a steady uncontrolled flow in 
the horizontal channel (section 3). In Table 4-1, columns 3 and 4 give the initial steady flow rate Q 
and initial water depth do. At the downstream end of the channel (x = 11.15 m), a tainter gate was 
abruptly closed. The gate opening h after closure is listed in Table 4-1 (column 5). 
Further informations on the unsteady positive surge flow are listed in Table 4-1 (columns 6 to 11). 
In undular surges, the first wave amplitude aw and wave length Lw were deduced from the 
instantaneous water depth measurements and the measured wave front celerity at the measurement 
location. The first wave length was defined between the first second wave crests. The wave 
amplitude was taken as half the average wave height of the first wave length. 
 
Table 4-1 - Experimental flow conditions for unsteady free-surface profile measurements 
 
Run Slope 
So 
Q do 
(*) 
Gate 
opening h 
Surge type 
at x = 5 m
U dconj 
(*) 
Fr aw 
(*) 
Lw 
(*) 
  m3/s m m  m/s m  m m 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
M9 0 0.04011 0.079 0.010 Breaking 0.682 0.1563 1.93 N/A N/A 
M7 0 0.04003 0.079 0.020 Breaking 0.541 0.1543 1.77 N/A N/A 
M6 0 0.04057 0.0795 0.030 Breaking 0.549 0.1447 1.77 N/A N/A 
M8 0 0.04015 0.079 0.040 Undular 
(breaking)
0.456 0.1353 1.67 0.0059 0.506 
M4-M5 0 0.04034 0.0785 0.065 Undular 0.315 0.1199 1.53 0.0166 0.516 
M1 0 0.04057 0.079 0.070 Undular 0.286 0.1172 1.49 0.02115 0.595 
M2-M3 0 0.22169 0.07875 0.075 Undular 0.238 0.1092 1.44 0.0221 0.392 
M11 0 0.04028 0.0795 0.080 Undular 0.235 0.1032 1.41 0.0215 0.554 
M10 0 0.04032 0.0795 0.092 Undular 0.140 0.0957 1.31 0.0157 0.664 
 
Notes: aw : first wave amplitude (undular surge); dconj : conjugate depth measured immediately 
behind the surge front; h : gate opening after gate closure; Lw : first wave length (undular surge); 
U: surge front celerity for an observer standing on the bank, measured between x = 6 and 5 m; (*) 
measured at x = 5 m.. 
 
 
Fig. 4-1 - Definition sketch of the tainter gate at the downstream end of the channel 
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4.2 DOWNSTREAM GATE CLOSURE AND BOUNDARY CONDITIONS 
The rapid closure of the downstream gate induced a rise in upstream water level associated with the 
upstream propagation of a positive surge. The downstream boundary conditions were set by the 
gate opening (after closure) which affected both the water level immediately upstream of the gate 
and the water discharge through the gate. Figure 4-1 shows the gate arrangement and Figure 4-2 
illustrates the generation of a weak positive surge by a rapid partial gate closure. In the caption, t = 
0 corresponds to the sudden gate closure. The characteristics of the tainter gate are summarised in 
Table 4-2. For several gate openings h, Table 4-2 lists the measured gate angle α with the invert 
(column 2) and the corresponding contraction coefficient Cc = d2/h (column 3). The latter was 
interpolated from ideal fluid flow calculations by von MISES (1917) for two-dimensional orifice 
flow (e.g. ROUSE 1946). 
 
Fig. 4-2 - Photographs of a gate closure (Photographs by C. KOCH) - Q = 0.04007 m3/s, do = 
0.0785 m at x = 5 m, h = 0.020 m, generation of a weak positive surge (Run 050531) Steady flow 
motion from right to left 
(A) t = - 0.27 s; (B) t = + 0.17 s, note 20 mm gate opening clearly visible at bottom left 
(C) t = + 0.30 s; (D) t = + 0.43 s, note positive surge propagating upstream (i.e. to the right) 
  
 
  
 
40 
Table 4-2 - Tainter gate characteristics 
 
Gate opening 
h 
Gate angle 
with invert α Cc (
*) Remarks 
m degrees   
(1) (2) (3) (4) 
0 90 0.611 Gate fully-closed. 
10 90.25 0.611  
20 90.50 0.610  
30 91.75 0.608  
40 92.92 0.606  
50 93.92 0.605  
60 95.50 0.602  
70 96.00 0.601  
80 96.92 0.600  
90 98.25 0.597  
100 99.67 0.595  
 
Note: Cc : contraction coefficient (i.e. Cc = d2/h); (*) interpolated from von MISES (1917). 
 
During each unsteady flow experiment (Table 4-1), the instantaneous water depth upstream of the 
gate was recorded with an ultrasonic displacement meter. Some typical recordings are presented in 
Figure 4-3. The data are the dimensionless depth d/do as a function of the dimensionless time 
t* g/do since gate closure, where do is the initial water depth measured at x = 5 m. Figure 4-3A 
corresponds to a gate closure with small opening h associated with the generation of a weak 
(breaking) positive surge. Figure 4-3B shows some data for a larger gate opening h associated with 
the generation of an undular surge. 
In first approximation, the discharge beneath the gate may be estimated using a quasi-steady flow 
approximation. That is, the continuity equation and Bernoulli principle in their steady flow form are 
assumed to hold : 
 Q(t)  =  V1 * d1 * W  =  V2 * d2 * W Continuity equation  (4-1) 
 d1 + zo + 
V1
2
2 * g  =  d2 + zo + 
V2
2
2 * g Continuity equation  (4-2) 
where Q(t) is the volume flow rate at a time t > 0, t is the time from gate closure, W is the channel 
width, V and d are the flow velocity and depth respectively, the subscripts 1 and 2 refer to the flow 
conditions upstream and downstream of the gate respectively, g is the gravity acceleration and zo is 
the invert elevation. Equation (4-2) assumes quasi-hydrostatic pressure distributions upstream and 
downstream of the gate, and no energy loss through the gate. Combining Equations (4-1) and (4-2), 
it yields an estimate of the instantaneous flow rate beneath the gate: 
 
Q(t)
W   =  2 * g * 
d1
2 * Cc
2 * h2
d1  +  Cc * h
 t  >  0  (4-3) 
assuming : d2 = Cc*h. Equation (4-3) gives the flow rate as a function of the upstream flow depth 
and gate opening. It is plotted in Figures 4-3A and 4-3B (thin dashed line). For small gate openings 
(e.g. Fig. 4-3A), the flow conditions after gate closure yielded a drastically smaller flow rate 
beneath the gate and hence a slower flow velocity upstream of the gate. In contrast, for larger gate 
openings, the discharge was less affected by the gate closure (e.g. Fig. 4-3B). 
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Fig. 4-3 - Variations of dimensionless upstream water depth d1/do induced by a gate closure and 
instantaneous discharge Q(t)/Q beneath the gate (Eq. (4-3)) 
(A) Q = 0.04003 m3/s, do = 0.079 m at x = 5 m, h = 0.020 m, weak surge generation (run M7, exp. 
050414) 
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(B) Q = 0.03994 m3/s, do = 0.079 m at x = 5 m, h = 0.065 m, undular surge generation (run M5, 
exp. 050413) 
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4.3 BASIC FLOW PATTERNS 
Experiments were conducted for an identical set of initial flow conditions, and different gate 
openings after closure were selected. Two types of surges were observed : undular surge and weak 
surge (Table 4-1, column 6 & Fig. 4-4). 
For large gate openings, an undular surge was observed (Fig. 4-4A & B). The surge propagation 
was slow, and the bore front was followed by a train of well-formed undulations. For low surge 
Froude numbers (i.e. Fr < 1.4 to 1.5), the free-surface undulations had a "smooth" appearance and 
no wave breaking wave observed. However some cross-waves, or sidewall shock waves, were seen 
developing upstream of the first wave crest and intersecting next to the first crest. The cross-waves 
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propagated behind the first wave crest, they were reflected on the opposite sidewall and they gave a 
"lozenge" pattern to the free-surface viewed in elevation (e.g Fig. 4-4B & 4-5). A similar cross-
waves patterns was observed in stationary undular hydraulic jumps (e.g. CHANSON and MONTES 
1995, CHANSON 1995, MONTES and CHANSON 1998, OHTSU et al. 2001). For some flow 
conditions, a small "cockscomb" roller was sometimes seen at the first intersection of the cross-
waves. The free-surface seemed to be three-dimensional with higher wave crest and deeper trough 
on the channel centreline than next to the sidewall. This result would be consistent with stationary 
undular jump observations, but was rarely seen with positive surges in translation. It is however 
conceivable that cross-waves were a specific feature of undular surges propagating against a 
partially-developed flow as in the present study. 
For intermediate surge Froude numbers (i.e. 1.4 to 1.5 < Fr < 1.7), wave breaking was observed at 
the bore front, and the ensuing free-surface undulations were flatter (Fig. 4-4C). The surge front 
celerity was faster than that of non-breaking undular surges (Table 4-1, column 7). 
For large surge Froude numbers (i.e. Fr ≥ 1.7), a breaking surge was seen (Fig. 4-4D & E). Within 
the range of present investigations (1.7 ≤ Fr ≤ 2), such a breaking surge was a weak surge using the 
same classification as for hydraulic jumps in rectangular channels (e.g. CHOW 1959, 
HENDERSON 1966, CHANSON 1999). The weak surge propagated at a relatively faster speed, 
and the free-surface appeared to be quasi-two-dimensional. 
Experimental observations of surge celerity are reported in Table 4-1 (column 7). Within the range 
of investigations, the bore celerity U ranged from 0.14 to 0.7 m/s. In summary two main types of 
surges were observed and the flow patterns were overall consistent with earlier studies (e.g. 
FAVRE 1935, TRESKE 1994). 
 
 
Fig. 4-4 - Photographs of positive surge experiments 
(A) Undular surge (Q = 0.0395 m3/s, do = 0.079 m, U = 0.2 m/s, Fr = 1.37) - Sideview of the first 
wave crest propagating from left to right 
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(B) Undular surge (Run M11, Q = 0.040 m3/s, do = 0.079 m, gate closure: 0.080 m) 
(B1) Looking downstream at the incoming first wave crest - Note cross-waves developing upstream 
of the first wave crest and intersecting next to the first wave crest 
 
 
(B2) Looking downstream at the incoming bore - The ADV and the acoustic displacement meter 
are seen above the water level 
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(C) Undular surge with some breaking at the first crest (Run M8, Q = 0.040 m3/s, do = 0.079 m, 
gate closure: 0.040 m) - The first wave crest is characterised by a small breaking roller 
(C1) Side view of first wave crest with bore front propagating from left to right 
 
 
(C2) Looking downstream at the incoming bore front followed by several relatively flat undulations 
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(D) Weak (breaking) surge (Run M7, Q = 0.040 m3/s, do = 0.079 m, gate closure: 0.020 m) - The 
first wave crest is characterised by a small breaking roller 
(D1) Looking downstream at the bore front around x = 5 m - Note ADV and displacement meter 
sensors 
 
 
(D2) Looking downstream at the incoming bore front 
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(E) Weak positive surge (Q = 0.052 m3/s, do = 0.095 m, U = 0.82 m/s, Fr = 1.99) - Looking 
upstream at the bore front propagating upstream (away from camera) 
 
 
 
Fig. 4-5 - Sketch of undular surge crosswaves 
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4.4 UNSTEADY FREE-SURFACE PROFILES 
Typical instantaneous free-surface profiles are presented in Figure 4-6. Each curve shows the 
instantaneous dimensionless flow depth d/do as a function of the dimensionless time from gate 
closure t* g/do at a fixed location  (indicated in legend), where do is the initial water depth at x = 
5 m. Figure 4-6A presents an undular (non-breaking) surge data set while Figure 4-6B illustrates a 
weak (breaking) surge data set. Figure 4-7 shows data collected at x = 5 m for four transverse 
locations. Note in Figures 4-6 and 4-7 a few spurious data. The acoustic displacement meter output 
was a function of the strength of the acoustic signal reflected by the free-surface. When the free-
surface was not horizontal, some erroneous points were recorded. These were relatively isolated 
and easily ignored. 
Overall the data showed a gradual evolution of the positive surge shape as it propagated upstream 
(e.g. from x = 7 to 5 m) (Fig. 4-6). It is conceivable that the bore was not fully-developed. However 
the data tended to suggest a gradual reduction of the bore height with increasing distance from the 
downstream gate. Such a trend was consistent with a fully-developed bore propagating against a 
gradually-varied flow with a S2 or M2 profile (6). In the present study, longitudinal free-surface 
measurements in steady flows suggested a S2 profile between x = 5 and 7 m (section 3). 
With undular surges, Figure 4-7 illustrates the three-dimensional nature of the flow. At the first 
wave crest, the water levels were higher next to the centreline (y/W = 0.5 & 0.75) than next to the 
sidewall (y/W = 0.95 & 0.90) (Fig. 4-7B). Further the wave train behind the surge front exhibited 
an undular trend, but transverse measurements showed also the development of "semi-chaotic" 
patterns behind the bore front (Fig. 4-7A). 
 
Fig. 4-6 - Instantaneous dimensionless water depth d/do for a given experiment at three longitudinal 
locations (x = 7.25, 6 and 5 m, centreline data) 
(A) Undular (non-breaking) surge : Q = 0.03994 m3/s, do = 0.079 m at x = 5 m, h = 0.065 m (run 
M5, Fr = 1.5, exp. 050413) 
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6This classification of backwater curves was first developed by the French professor J.A.C. BRESSE 
(BRESSE 1860). 
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(B) Weak (breaking) surge : Q = 0.04003 m3/s, do = 0.079 m at x = 5 m, h = 0.020 m (run M7, Fr = 
1.8, exp. 050414) 
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Fig. 4-7 Three-dimensional free-surface profile for an undular surge at x = 5 m (Run M11, Q = 
0.0395 m3/s, do = 0.079 m, Fr = 1.4, gate opening: h = 80 mm) 
(A) Complete record 
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4.4.1 Comments 
A major difference between undular and weak surge is the pressure field and, in turn, the velocity 
field behind the bore front. Beneath an undular surge, the pressure distributions must deviate from 
hydrostatic in a manner predicted by ideal-fluid flow theory (e.g. ROUSE 1938,1959, PEREGRINE 
1967). The free-surface is a streamline and a simple flow net analysis shows that the pressure 
gradient must be greater than hydrostatic beneath wave trough and less than hydrostatic beneath 
wave crest. This was observed experimentally in stationary undular jumps by CHANSON and 
MONTES (1995), MONTES and CHANSON (1998), and DONNELLY and CHANSON (2005), 
although the latter data showed that the pressure distributions were not symmetrical either side of a 
crest or a trough. The pressure redistributions between wave crests and troughs induce in turn 
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significant velocity redistributions between the upstream/initial flow cross section and the first 
wave crest, and between subsequent crests and troughs. In steady undular hydraulic jumps, 
maximum velocities were observed at troughs and minimum velocities at wave crests, and the 
velocity distributions were not symmetrical on either side of crest and trough (DONNELLY and 
CHANSON 2005). 
In a fully-developed surge, the ratio of conjugate depths (dconj/do) must satisfy the continuity and 
momentum equations (Section 1). Experimental results are presented in Figure 4-8, where the ratio 
dconj/do is plotted as a function of the surge Froude number Fr. Present data are shown with 
asterisks (*). The conjugate depth dconj was the water level immediately behind the surge front. In 
the particular case of undular surges, dconj was the average of wave crest and trough depths for the 
first wave length. The surge Froude number was deduced from the measured initial flow conditions 
and surge celerity (Table 4-1). 
Experimental data are compared with the momentum or Bélanger equation (Eq (1-1)) and with past 
positive surge experiments (Fig. 4-8). Details of earlier studies are listed in Table 4-3. While the 
experimental trend was close to that predicted by the momentum principle, the data showed 
consistently lower experimental conjugate depth ratios for 1.1 < Fr < 2. Some factors may affect the 
experimental results. In undular surges, the estimate of the conjugate depth dconj is somewhat 
arbitrary. For all data shown in Figure 4-8 (Present study, past studies), the conjugate depth was 
averaged between wave crest and trough. The averaging process assumed a symmetrical wave 
pattern (e.g. sinusoidal) that was not supported by experimental data (Fig. 4-6 and 4-7). With weak 
surges, the bore front was associated with a small roller and some air entrainment (e.g. Fig. 4-4D & 
E). The measurement of the water depth above, or behind, the roller was affected adversely by the 
roller turbulence. 
 
Fig. 4-7 Three-dimensional free-surface profile for an undular surge at x = 5 m (Run M11, Q = 
0.0395 m3/s, do = 0.079 m, Fr = 1.4, gate opening: h = 80 mm) 
(B) Details of the first wave crest 
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Fig. 4-8 - Ratios of measured conjugate depths dconj/do across the surge front - Comparison with 
momentum principle (Eq. (1-1)) and earlier experimental studies (Table 4-3) 
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4.5 DISCUSSION: UNDULAR BORE CHARACTERISTICS 
4.5.1 Presentation 
When the ratio of conjugate depths (dconj/do) is close to unity, several researchers observed the 
development of free-surface undulations downstream of the surge front, and the flow pattern is 
called an undular surge (7). Classical experimental investigations of undular surges are summarised 
in Table 4-3. In the present study, undular surges were observed for Fr < 1.7 and 1 < dconj/do < 
1.77. Several theoretical estimates of free-surface undulation characteristics were proposed 
including studies by KEULEGAN and PATTERSON (1940), LEMOINE (1948), TURSUNOV 
(1969) and ANDERSEN (1978) (8). 
LEMOINE (1948) proposed that the energy dissipation takes place by radiation of wave train. 
Assuming sinusoidal waves, he obtained some estimate of wave amplitude and wave length : 
 
aw
dconj
  ≈  13 * 
2 * π * 2
dconj
do
 - 1
 (4-4) 
 
Lw
dconj
  ≈  1
3
 * ⎝⎜
⎛
⎠⎟
⎞dconj
do
 - 1  (4-5) 
where do and dconj are respectively the flow depths immediately upstream and downstream of the 
surge front (i.e. conjugate depths), aw is the free-surface undulation amplitude and Lw is the wave 
amplitude. LEMOINE's theory is compared with early studies and with present data in Figures 4-9 
and 4-10. In Figure 4-9A, note that the data of BENET and CUNGE (1971) and TRESKE (1994) 
were sidewall amplitudes. In trapezoidal channels, model and field data showed clearly that the 
                                                 
7An undular surge flow is sometimes called "Favre waves" after the Swiss professor H. FAVRE who wrote 
an authoritative treaty on undular surges (FAVRE 1935). But the name "Boussinesq waves", after the 
milestone treatise "Théorie des Eaux Courantes" (BOUSSINESQ 1877), is more appropriate (HAGER 1995, 
CHANSON 1995). 
8See reviews in BENJAMIN and LIGHTHILL (1954), CHANSON (1995), and CUNGE (2003). 
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wave amplitude at the banks was larger than on the centreline (9). For TRESKE's (1994) 
experiments, the wave amplitude at the bank was as much as three times larger than on the channel 
centreline. 
It is worth noting that the wave amplitude decreased sharply immediately before the disappearance 
of free-surface undulations as shown by the data of TRESKE (1994) and present results (Fig. 4-
9A). It is believed that the flow conditions associated with maximum wave amplitude occurred 
immediately before the appearance of small wave breaking at the first wave crest : i.e. for Fr ~ 1.4 
to 1.5 in the present study. 
 
4.5.1.1 Comments 
Figure 4-9B compares present data with undular tidal bore observations in the Dee river. Prototype 
data in man-made prototype channels (BENET and CUNGE 1971) are also presented. The data are 
compared with the analytical solution of LEMOINE (1948) and ANDERSEN (1978). The latter 
was based upon a solution of the Boussinesq equation. 
Figure 4-9 shows a relatively good agreement between data and LEMOINE's theory although the 
latter was based upon a sinusoidal wave assumption. Present results do not support claims that 
cnoidal wave theory yields better agreement with experimental data (e.g. BENJAMIN and 
LIGHTHILL 1954). 
In summary, present undular surge data showed results in terms of wave length and amplitude that 
were consistent and close to earlier experimental studies and theoretical considerations. The results 
compare favourably with LEMOINE's (1948) theory. 
 
4.5.2 Comparison with undular hydraulic jumps 
In Figure 4-11, the undular surge properties are compared with undular hydraulic jump data. Figure 
4-11A presents the wave steepness aw/Lw, and Figure 4-11B shows the dimensionless parameter 
aw*Lw2/dconj3. Note that undular hydraulic jump data include both partially-developed inflows 
(CHANSON 2005c) and fully-developed inflow conditions (CHANSON 1995). 
The wave steepness data indicate an increasing steepness with increasing Froude number up to Fr = 
1.35 to 1.5. Similar trends are observed for all data sets independently of the type of flow. In terms 
of the parameter aw*Lw2/dconj3, however, different trends are observed. The parameter  
aw*Lw2/dconj3 is related to the undular wave form and to the relative magnitude of non-linear 
steepening and dispersion (STURTEVANT 1965). Hence present results indicate marked 
differences between stationary undular jumps and travelling positive surges. These are consistent 
with several studies which emphasised the basic differences between undular surges and jumps 
(MONTES 1979,1986, CHANSON and MONTES 1995, Present study). 
 
The writers performed additional experiments with positive surges travelling upstream against a 
steady current in slightly downward-sloping channels. The bore appearance changed progressively 
as it lost energy travelling upstream. In some rare cases, with supercritical inflow conditions, a 
weak undular bore would stop before the upstream end of the flume and became an undular 
hydraulic jump. The transition from an undular bore to an undular jump was a slow, progressive 
process associated with the development of marked three-dimensional flow features. This 
progressive transition process was not investigated to date. 
 
                                                 
9In natural streams, the same effect was observed. In the Severn river, TRICKER (1965) indicated that the 
free-surface height at the sides was greater by 1 m than in the centre. 
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Fig. 4-9 - Characteristics of undular surges: dimensionless wave amplitude aw/do (first wave 
length) of undular surges - Comparison between LEMOINE's theory (Eq. (4-4)), ANDERSEN's 
theory and experimental data (Table 4-3) 
(A) Comparison with positive surges in laboratory flumes and man-made channels 
 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
1 1.2 1.4 1.6 1.8 2 2.2
aw/do Present data
aw/do ANDERSEN
aw/do LEMOINE
FAVRE (1935)
BENET & CUNGE
(Model)
BENET & CUNGE
(Prototype)
TRESKE (1994)
Fr
aw/do Undular surge
 
 
(B) Comparison with tidal bore observations in the Dee river 
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Fig. 4-10 - Characteristics of undular surges: dimensionless wave length Lw/do (first wave length) 
of undular surges - Comparison between LEMOINE's theory (Eq. (4-5)), ANDERSEN's theory and 
experimental data (Table 4-3) 
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Fig. 4-11 - Comparison between undular surge and undular hydraulic jump properties 
(A) Wave steepness aw/Lw - Comparison between undular surge data (Present study), undular 
hydraulic jump data (CHANSON 1995 with fully-developed inflow, CHANSON 2005c with 
partially-developed inflow), LEMOINE's theory (Eq. (4-5)), and ANDERSEN's theory 
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(B) Dimensionless parameter aw*Lw2/dconj3 - Comparison between undular surge data (Present 
study), undular hydraulic jump data (CHANSON 1995 with fully-developed inflow, CHANSON 
2005c with partially-developed inflow), LEMOINE's theory (Eq. (4-5)), and ANDERSEN's theory 
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Table 4-3 - Experimental investigations of positive surges and tidal bore 
 
Reference Initial flow Surge Channel geometry Remarks 
 Vo do type   
 m/s m    
(1) (2) (3) (4) (5) (6) 
Positive surges      
FAVRE (1935) 
(1) 
0 0.106 
to 
0.206 
+ U/S Rectangular (W = 0.42 m) 
θ = 0º 
Laboratory experiments. 
Flume length : 73.8 m. 
 <> 0 0.109 
to 
0.265 
+ U/S Rectangular (W = 0.42 m) 
θ = 0.017º 
 
ZIENKIEWICZ 
and SANDOVER 
(1957) 
 0.05 to 
0.11 
+ Rectangular (W = 0.127 m)
θ = 0º 
Smooth flume : glass 
Rough flume : wire mesh 
Laboratory experiments. 
Flume length : 12.2 m. 
BENET and 
CUNGE (1971) 
0 to 
0.198 
0.057 
to 
0.138 
+ D/S Trapezoidal (base width : 
0.172 m, sideslope : 
2H:1V) 
θ = 0.021º 
Laboratory experiments. 
Flume length : 32.5 m. 
 0.59 to 
1.08 
6.61 to 
9.16 
+ U/S Trapezoidal (base width : 9 
m, sideslope : 2H:1V) 
θ = 0.006 to 0.0086º 
Oraison power plant intake 
channel. 
 1.51 to 
2.31 
5.62 to 
7.53 
+ U/S Trapezoidal (base width : 
8.6 m, sideslope : 2H:1V) 
Jouques-Saint Estève 
intake channel. 
TRESKE (1994)  0.08 to 
0.16 
+ U/S Rectangular (W = 1 m) 
θ = 0.001º 
Laboratory experiments. 
Flume length : 100 m. 
Concrete channel. 
  0.04 to 
0.16 
+ U/S,
+ D/S
Trapezoidal (base width : 
1.24 m, sideslope : 3H:1V)
θ = 0º 
Laboratory experiments. 
Flume length : 124 m. 
Concrete channel. 
CHANSON 
(1995) 
0.4 to 
1.2 
0.02 to 
0.15 
+ U/S Rectangular (W = 0.25 m) 
θ = 0.19 to 0.54º 
Glass walls and bed 
Laboratory experiments. 
Flume length : 20 m. 
Present study 1.0 0.079 + U/S Rectangular (W = 0.50 m) 
θ = 0º 
PVC invert, glass walls 
Laboratory experiments. 
Flume length : 12 m. 
Tidal bore      
Dee river, LEWIS 
(1972) 
0 to 
+0.2 
m/s 
~ 1.4 
m 
+ U/S Dee river near Saltney 
Ferry footbridge. 
Trapezoidal channel 
Field experiments between 
March and September 
1972. 
 
Notes : do : initial water depth; Vo : initial flow velocity; (1) see also BENET and CUNGE (1971). 
Surge type : + = positive surge; - = negative surge; U/S = moving upstream; D/S = moving 
downstream. 
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5. UNSTEADY FLOW EXPERIMENTS: TURBULENCE BENEATH SURGE 
FRONTS 
5.1 PRESENTATION 
Unsteady flow measurements beneath positive surges were conducted in the large tilting flume. The 
acoustic Doppler velocimetry (ADV) system was positioned at x = 5 m and the flow was initially 
uncontrolled. A tainter gate, located at x = 11.15 m, was rapidly closed inducing a positive surge 
propagating upstream against the initial flow. Detailed velocity measurements were performed for 
two gate settings (Table 5-1). The two series of experiments corresponded to a weak surge situation 
(Fr = 1.8) and an undular surge flow (Fr = 1.4) (Table 5-1). Figure 5-1 illustrates each type of flow. 
Their respective flow properties is summarised in Table 5-1 and detailed experimental results are 
presented in the next two paragraphs. Each experiment was repeated several times to obtain 
experimental data at several vertical elevations z and transverse locations y. Full details of the 
experimental results are presented in Appendix C and further photographs of the experimental 
facilities are shown in Appendix D. 
The micro acoustic Doppler velocimetry system provided instantaneous values of two velocity 
components sampled at 50 Hz. It was oriented with the x-direction aligned with the flow direction 
and positive downstream, and the y-direction was the horizontal transverse direction positive 
towards the left sidewall (1). In the unsteady flows beneath travelling bore, signal post-processing 
was limited to the removal of communication errors and a replacement by interpolation. Traditional 
ADV signal check and despiking techniques are unsuitable for highly-unsteady flows because these 
were only developed for steady flows (e.g. NIKORA 2004, Person. Comm.). Further present ADV 
velocity data next to the sidewall were not corrected to account for wall effects (App. B). The 
sidewall correction should not be applied to strongly-unsteady flow conditions without proper 
validation. 
 
Table 5-1 - Summary of experimental flow conditions 
 
Run Slope 
So 
Q do (+) 
(x = 5 m) 
Gate opening 
(after closure)
Location 
y/W 
Sampling 
rate 
Experiment U (*) Surge 
type (+)
  m3/s m m  Hz  m/s  
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
Series 1 0 0.040 0.079 0.020  50  0.541 Weak 
     0.50  050530  surge 
     0.75  050530   
     0.90  050531   
     0.95  050531   
Series 2 0 0.040 0.079 0.080  50  0.235 Undular
     0.50  050519  surge 
     0.75  050523   
     0.90  050524   
     0.95  050524   
 
Note : (+) at x = 5 m; (*) measured between x = 6 and 5 m; 
 
                                                 
1The 2D side-looking head, and its transmitter and receivers, were facing towards the left sidewall. 
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Fig. 5-1 - Photographs of the advancing positive surge 
(A) Experiment series 1 : Weak surge (Fr = 1.8), U = 0.541 m/s, h = 0.020 m - Looking 
downstream at the surge front propagating upstream past the ADV system 
 
 
(B) Experiment series 2 : Undular surge (Fr = 1.4), U = 0.235 m/s, h = 0.080 m - Looking 
downstream at the first wave crest - Note the cross-waves developing upstream of the first wave 
crest and intersecting about the first wave crest 
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5.2 VELOCITY DATA. (1) WEAK SURGE DATA 
A weak surge is an advancing surge characterised by a small quasi-two-dimensional roller. It was 
observed for surge Froude numbers slightly greater than undular surge flow conditions (Fr ≥ 1.7). 
Figure 5-1A illustrates the passage of a weak surge at the ADV system location (i.e. x = 5 m). 
Typical instantaneous velocity and free-surface data are presented in Figure 5-2 where do is the 
initial water depth at x = 5 m (Table 5-1, column 4) and V* is the shear velocity on the channel 
centreline prior to surge arrival (V* = 0.044 m/s, Section 3). The time t is zero at 10.0 seconds prior 
to the surge front passage at x = 5 m, with the bore front passage (t* g/do = 111) defined at the 
conjugate depth. In Figure 5-2 and subsequent figures, the water depth d was measured immediately 
above the ADV sampling volume using a non-intrusive acoustic displacement technique (Section 
2). Figure 5-2A presents data recorded at several vertical heights on the channel centreline (y/W = 
0.5) while Figure 5-2B shows some data collected at y/W = 0.90 where y is the transverse distance 
from the right sidewall (Fig. 2-1A). Note that all the data sets form an Eulerian characterisation of 
the flow field. That is, the data were recorded at a fixed point in space. 
The experimental results showed systematically several basic patterns. First the streamwise velocity 
component decreased rapidly with the passage of the surge front. The sudden increase in water 
depth yielded a slower flow motion to satisfy the conservation of mass. 
Second the transverse velocity fluctuations exhibited some marked changes after the surge passage. 
For example, in Figure 5-2A, for t* g/do > 100. These consisted of relatively larger transverse Vy 
fluctuation range associated with some low-frequency pattern that may be induced by large vortical 
structures in the surge roller (Fig. 5-2A). 
Third visual observations and recorded data showed that the free-surface elevation rise first slowly 
immediately prior to the roller (Fig. 5-2 & 5-3). This is illustrated in Figure 5-3A and an 
explanatory sketch is presented in Figure 5-3B. The gradual rise in free-surface was associated with 
a "gentle" decrease of the mean streamwise velocity component at all vertical elevations. Later the 
arrival of the roller was marked by a discontinuity of the water depth. 
In first approximation, the free-surface shape, immediately prior to the roller, was about : 
 
d
do
  =  1 +  0.00045 * 
g * t'2
do
 1 <  
d
do
  ≤  1 + hsdo  (5-1) 
where d is the instantaneous water depth, t' is the time at the start of increasing water depth and hs 
is the vertical rise in water level immediately at the roller toe (Fig. 5-3B). Equation (5-1) is the best 
fit of the investigated breaking surge data. For Fr = 1.8, the water elevation hs was observed to be : 
hs/do = 0.1. 
Basically the free-surface was seen to curve upwards immediately before the roller toe (Fig. 5-3A), 
in a fashion somehow similar to a spilling breaker situation. However a spilling breaking wave and 
a positive surge are totally different flow processes. Some data by HORNUNG et al. (1995) showed 
a similar upward free-surface curve ahead of the roller in positive surge propagating in still water 
with similar surge Froude number. In stationary hydraulic jumps, some slight free-surface curvature 
may be seen upstream of the roller (Fig. 5-5) but of a lesser nature than present weak surge 
observations. 
Fourth the velocity records showed some marked difference depending upon the vertical elevation z 
(Fig. 5-3B). For z/do > 0.5, the streamwise velocity component decreased rapidly at the surge front 
although the streamwise velocity Vx data tended to remain positive beneath the roller toe (e.g. Fig. 
5-2A5 & A6, Fig. 5-3B2). In contrast, for z/do < 0.5, the streamwise velocity became negative 
although for a short duration on the channel centreline (e.g. Fig. 5-2A1 & A2, Fig. 5-3B1). A 
similar pattern was observed at each transverse location (e.g. Fig. 5-2B). For y/W = 0.75, 0.90 and 
0.95, the streamwise velocity component could remain negative for some time : e.g., for up to 
∆t* g/do ~ 10 to 30 in Figure 5-2B. 
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Fig. 5-2 - Dimensionless instantaneous water depth d/do and velocity components Vx/V* and 
Vy/V* as functions of dimensionless time t* g/do beneath a weak surge (Series 1, Fr = 1.8) at x = 
5.0 m 
(A) Centreline data (y/W = 0.5) 
(A1) z/do = 0.123 (A2) z/do = 0.187 (A3) z/do = 0.346 (A4) z/do = 0.474 (A5) z/do = 0.601 (A6) 
z/do = 0.856 
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(B) y/W = 0.90 
(B1) z/do = 0.123 (B2) z/do = 0.346 (B3) z/do = 0.856 
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The existence a sudden streamwise flow reversal indicated unsteady flow separation beneath the 
surge front. This is demonstrated with channel centreline data in Figure 5-4. The data sets were 
recorded next to the bed (z/do = 0.091 & 0.123). Figure 5-4 illustrates a strong flow deceleration as 
the roller toe passed over the sampling locations (i.e. t* g/do = 102.5). The longitudinal flow 
deceleration yielded negative streamwise Vx velocities with (Vx/V*)min ~ -3.5. Figure 5-4A shows 
further large transverse velocities next to the bed when the roller toe passed the sampling location. 
This observation was recorded systematically at z/do < 0.2 on different days and with different 
sampling rates (2). Figure 5-4B suggests increased transverse fluctuations beneath the roller. Note 
also that the magnitude of maximum transverse velocity fluctuation was substantial : i.e., 
(Vy/V*)max ≈ +5 to 6 in Figure 5-4A. 
Flow reversal and fluctuating transverse velocities are typical features of flow separation and 
recirculation zones. The flow separation was an unsteady process that followed the surge front. At a 
fixed point, it was a relatively rapid transient. 
 
Remarks 
Flow separation and recirculation were observed beneath stationary undular hydraulic jumps by 
MONTES (1979), OHTSU et al. (2001) and DONNELLY and CHANSON (2005). Recirculation 
was seen typically next to the bed under the first wave crest of undular jumps with partially-
developed inflow conditions. The relative height of the recirculation "bubble" was shown to 
increase with increasing Froude number. But it was acknowledged not to occur in undular jumps 
with fully-developed inflow conditions (CHANSON and MONTES 1995, OHTSU et al. 2001). It 
was also thought not to occur under undular positive surges. Flow separation was never reported 
beneath a weak hydraulic jumps to date, to the best knowledge of the writers (3). 
The present observations of flow separation were not expected (e.g. Fig. 5-4) and they contradict 
well-known studies (e.g. YEH and MOK 1990). It must be stressed however that such flow 
separation was an unstationary process. It was travelling with the surge front. Hence it is near 
impossible to visualise unless using high-speed metrology. 
                                                 
2That is, with sampling rates of 25 Hz (run 050428) and 50 Hz (run 050530). 
3LEUTHEUSSER and KARTHA (1972) indicated that "hydraulic jumps with un-developed inflow tend 
toward separation with increasing Froude number". But they conducted experiments with 2.85 ≤ Vo/ g*do 
≤ 14.4, and they did not observe visually nor experimentally flow recirculation ! 
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Figure 5-5 presents some detail of the free-surface immediately upstream of stationary hydraulic 
jump roller. Figure 5-5A shows a stationary weak hydraulic jump with partially-developed inflow 
conditions, and Figure 5-5B corresponds to a weak hydraulic jump with fully-developed inflow. 
 
Fig. 5-3 - Detail of the weak surge front leading edge (Series 1, Fr = 1.8) 
(A) Photograph of the advancing front at x = 5 m, view through the left sidewall - Bore propagation 
from left to right 
 
 
 
(B) Sketch of instantaneous water depth and streamwise velocity measurements next to the bore 
front 
(B1) Typical record for streamwise velocity component for z/do < 0.5 
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(B2) Typical record for streamwise velocity component for z/do > 0.5 
 
 
 
 
Fig. 5-4 - Dimensionless instantaneous water depth d/do and velocity components Vx/V* and 
Vy/V* as functions of dimensionless time t* g/do beneath the weak surge front and roller toe 
(Centreline data, y/W = 0.5) 
(A) z/do = 0.091, Series 1 (Fr = 1.8) 
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(B) z/do = 0.123, Series 1 (Fr = 1.8) 
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Fig. 5-5 - Photographs of stationary hydraulic jumps and free-surface details immediately upstream 
of roller 
(A) Weak hydraulic jump with partially-developed inflow (do = 0.05 m, Fro = 1.9, W = 0.5 m) - 
Flow from left to right 
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(B) Weak hydraulic jump with fully-developed inflow (do = 0.07 m, Fro = 1.7, W = 0.25 m) - Flow 
from left to right 
 
 
5.3 VELOCITY DATA. (2) UNDULAR SURGE DATA 
An undular surge is an advancing surge characterised by a smooth wave front, no formed roller and 
a train of well-formed free-surface undulations that follow the first wave crest (Fig. 5-1B). It was 
observed herein for surge Froude numbers below 1.5 to 1.7 (Section 4). Figure 5-6 illustrates the 
effects of an undular surge on the turbulent velocity field at x = 5.0 m. Figure 5-6A presents 
instantaneous velocity and free-surface data on the channel centreline, where do is the initial water 
depth at x = 5 m (Table 5-1, column 4), and V* is the shear velocity on the channel centreline prior 
to surge arrival (V* = 0.044 m/s, Section 3). The time t is zero at 10.0 seconds prior to the first 
wave crest passage at x = 5 m. Figures 5-6B and 5-6C show some data at two other transverse 
locations (y/W = 0.75 & 0.90). 
The experimental results indicated systematically some basic flow features. First the streamwise 
velocity component decreased rapidly with the passage of the first wave crest and the Vx velocity 
component oscillated with time with the same period as, but out of phase with, the free-surface 
undulations. Typically maximum velocities were observed beneath the wave troughs and minimum 
velocities below the wave crests. The trend was seen at all vertical and transverse locations, and it 
was consistent with irrotational flow theory and flow net analysis (Fig. 5-8). Note that the 
streamwise velocities were always positive, although a few negative instantaneous Vx velocities 
were seen next to the side wall (y/W = 0.95 & 0.90) (e.g Fig. 5-6C). This was in sharp contrast with 
weak surge results (e.g. Fig. 5-2 and 5-4), 
Secondly, in the upper flow region (z/do > 0.5), large fluctuations of transverse, and to some extent 
longitudinal, velocity components were observed beneath the undulations. At a given height, the 
range and "strength" of velocity fluctuations (4) were larger than the initial turbulent velocity 
conditions prior to the surge passage. For example, in Figure 5-6A4, A5 and A6, for t* g/do > 90 
to 100. This is illustrated also in Figure 5-7. However, it must be emphasised that the velocity 
                                                 
4That is, the deviation of the instantaneous velocity from an overall data trend. 
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fluctuation measurement was only an Eulerian characterisation of the flow at a fixed position in 
space. The measured fluctuations included the contributions of the velocity deviation from an 
ensemble average and the time-variation of the ensemble average. 
Third, at the highest sampling points (e.g. z/do = 0.9), the transverse velocity Vy data tended to 
oscillate at the same period as and in phase with the free-surface (e.g. Fig. 5-6A6). The finding is 
consistent with the expected pattern derived from ideal-fluid flow theory. Note that the latter is not 
a characteristic of "true" turbulence. 
 
Fig. 5-6 - Dimensionless instantaneous water depth d/do and velocity components Vx/V* and 
Vy/V* as functions of dimensionless time t* g/do beneath an undular surge (Series 2, Fr = 1.4) at 
x = 5.0 m 
(A) Centreline data (y/W = 0.5) 
(A1) z/do = 0.128 (A2) z/do = 0.183 (A3) z/do = 0.404 (A4) z/do = 0.697 (A5) z/do = 0.845 (A6) 
z/do = 0.97 
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(B) y/W = 0.75 
(B1) z/do = 0.123 (B2) z/do = 0.346 (B3) z/do = 0.92 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.123
run 050523, y/W=0.75, 50 Hz
Vx/V*
Vy/V*
d/do
 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.346
run 050523, y/W=0.75, 50 Hz
Vx/V*
Vy/V*
d/do
 
70 
t.sqrt (g/do)
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(C) y/W = 0.90 
(C1) z/do = 0.103 (C2) z/do = 0.30 (C3) z/do = 0.91 
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Remarks 
In an undular bore, the pressure field is not hydrostatic. A flow net analysis yields pressure 
gradients greater than hydrostatic beneath wave trough and less than hydrostatic beneath crest (e.g. 
ROUSE 1938, MONTES and CHANSON 1998). The same theoretical considerations predict 
significant velocity redistributions between wave crests and troughs (Fig. 5-8). Figure 5-9 illustrates 
measured redistributions of vertical velocity profiles with time, during the propagation of the first 
free-surface undulation. At each vertical elevation, five instantaneous, consecutive velocity 
samples, recorded beneath the first wave crest, are plotted as functions of the vertical elevation. 
Similarly, five consecutive data samples at each elevation are shown for : 1 second before the 
passage of the first wave crest, 0.5 second before the first wave crest, and at the following wave 
trough. The initial velocity profile (time-averaged data) is shown in dashed line for comparison. 
Present data showed experimental trends that were in agreement with irrotational flow motion 
theory. But the ideal fluid flow theory is based upon the assumption of frictionless fluid. It does not 
account for bed and sidewall friction, nor for the initial turbulence flow conditions and turbulence 
structure. The presence of boundary shear contributes to some energy dissipation as well as the 
generation of vorticity. When a bore propagates upstream against a current, the average vorticity is 
positive (TELES DA SILVA and PEREGRINE 1990). 
Note also that the velocity redistributions present a different pattern to that observed beneath 
undular hydraulic jumps (e.g. HAGER and HUTTER 1984, YASUDA et al. 1993, CHANSON 
1993,1995). Several researchers argued that there are indeed fundamental differences between the 
two types of flows (MONTES 1979, MONTES and CHANSON 1998). 
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Fig. 5-7 - Dimensionless instantaneous water depth d/do and velocity components Vx/V* and 
Vy/V* below the first wave crest of an undular surge (Series 2, Fr = 1.4) at x = 5.0 m 
(A) Centreline data at z/do = 0.545 (y/W = 0.5, run 050519) 
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(B) Centreline data at z/do = 0.845 (y/W = 0.5, run 050519) 
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Fig. 5-8 - Sketch of streamlines in undular surge (ideal fluid flow) 
 
 
 
 
Fig. 5-9 - Redistributions of dimensionless vertical velocity profiles (Vx/V*) beneath an undular 
surge  - Series 2, Fr = 1.4, x = 5.0 m, centreline data - At each vertical elevation, 5 instantaneous, 
consecutive data samples are shown 
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5.4 REYNOLDS STRESSES IN RAPIDLY-VARIED FLOW MOTION 
5.4.1 Presentation 
In turbulence studies, the measured statistics are based upon the analysis of instantaneous turbulent 
velocity data : v = V - V⎯, where V⎯ is the time-average velocity. If the flow is "gradually-varied", 
V⎯ must be the low-pass filtered velocity component. V⎯ is sometimes called the variable-interval 
time average or VITA (PIQUET 1999). The cutoff frequency must be selected such that the 
averaging time is greater than the characteristic period of fluctuations, and small with respect to the 
characteristic period for the time-evolution of the mean properties. In a highly unsteady flow, 
experiments have to be repeated numerous times at each sampling location (App. E). Herein this 
was not feasible and only limited tests were repeated at a few sampling points to ascertain data 
consistency and data trends. In the following, limited turbulent results in the surge flows are 
presented based upon a basic filtering analysis. 
In undular surge flows, the Eulerian flow properties showed an oscillating pattern with a period of 
about 2.4 s that corresponded to the period of the free-surface undulations (e.g. Fig. 5-6 & 5-7). The 
unsteady data were therefore filtered with a low/high-pass filter threshold greater than 0.4 Hz (i.e. 
1/2.4 s), and the cutoff frequency was selected as Fcutoff = 1 Hz based upon a sensitivity analysis 
(Appendix E). Filtering was applied to both streamwise and transverse velocity components. For 
simplicity, and consistency, the same cutoff frequency was used for both weak and undular surge 
experiments (Series 1 & 2). The Reynolds stresses were calculated from the high-pass filtered 
signals. 
Figure 5-10 presents some results in terms of normal and tangential Reynolds stresses at three 
vertical elevations on the channel centreline in the weak surge, and Figure 5-12 shows some 
Reynolds stress data at three vertical elevations in the undular surge. 
 
5.4.2 Weak surge results 
The weak surge data showed large Reynolds stresses beneath the surge front and roller (Fig. 5-10). 
This is seen in Figure 5-10 for t* g/do > 110. Both normal and tangential stresses were larger than 
those in the initial steady flow, and this was especially true at z/do > 0.5. Note in particular the 
significant magnitude of the transverse normal stresses (e.g. Fig. 5-10C2). The findings are 
consistent with large transverse velocity fluctuations recorded beneath the roller toe and shown in 
Figure 5-4. Very close to the bed, large instantaneous stresses were also observed at the passage of 
the roller (Fig. 5-10A). 
Figure 5-11 presents dimensionless vertical distributions of instantaneous Reynolds stresses 
beneath the roller at t* g/do = 111. At each vertical elevations, five consecutive samples are 
plotted. The data are compared with the initial flow conditions. Figure 5-11A illustrates the large 
values of normal Reynolds stresses beneath the surge roller, while Figure 5-11B emphasises the 
large fluctuations in tangential stresses at most vertical elevations. 
During and after the passage of the roller, large Reynolds stresses were seen at the highest sampling 
elevations (Fig. 5-10C & 5-11). It is believed that the sudden increase in normal and tangential 
turbulent stresses for 0.5 < z/do < 1 (5) was caused by the developing mixing layer of the roller 
sketched in Figure 5-12 where maximum velocity gradients occurred. At these highest sampling 
positions (0.5 < z/do < 1), very strong turbulent stresses were observed typically for several 
seconds: i.e., ∆t* g/do ~ 20 to 40, although tangential stresses tended to remain large for longer 
periods. 
                                                 
5 In the present study, no sampling could be conducted for z/do >1 and there was no turbulence data in the 
surge roller itself. 
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Fig. 5-10 - Dimensionless time-fluctuations of normal and tangential Reynolds stresses (vx2/V*2, 
vy2/V*2, vx*vy/V*2) beneath a weak surge (Fr = 1.8, y/W = 0.5, run 050530) 
(A) z/do = 0.076, Series 1 
(A1) Normal Reynolds stresses (vx2/V*2, vy2/V*2) (A2) Tangential Reynolds stress (vx*vy/V*2) 
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(B) z/do = 0.219, Series 1 
(B1) Normal Reynolds stresses (vx2/V*2, vy2/V*2) (B2) Tangential Reynolds stress (vx*vy/V*2) 
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(C) z/do = 0.728, Series 1 
(C1) Normal Reynolds stresses (vx2/V*2, vy2/V*2) (C2) Tangential Reynolds stress (vx*vy/V*2) 
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In stationary hydraulic jumps and related flows, researchers observed similar large Reynolds 
stresses in and next to the developing shear region (ROUSE et al. 1959, RESCH and 
LEUTHEUSSER 1972, LIU 2004) (6). 
 
5.4.3 Undular surge results 
In undular surge flow, the data showed large turbulent Reynolds stress levels below the surge and 
ensuing free-surface undulations (Fig. 5-12). This is observed in Figure 5-12 for t* g/do > 90. 
Reynolds stress levels were significantly larger than before the surge passage. In particular, intense 
normal stresses, and tangential stresses, were consistently seen beneath wave crests and just before 
each crest. These turbulent stresses were larger than beneath the adjacent wave troughs (Fig. 5-12). 
The larger Reynolds stresses beneath and just before each wave crest were a specific feature of 
undular surges, unseen in weak surge flows. The findings substantiate, to some extent, the results of 
DONNELLY and CHANSON (2005) based upon a transposition of steady flow results using the 
quasi-steady flow analogy. 
Present undular bore data showed further larger Reynolds stresses at the lower sampling locations 
including next to the bed (e.g. Fig. 5-12A). Comparatively smaller Reynolds stresses were 
measured at higher sampling locations. 
 
5.4.4 Comments 
The above results are based upon a data analysis with a cutoff frequency of 1 Hz (7) while all the 
data had a Nyquist limit of 25 Hz (8). While this filtering technique was developed and tested for 
undular surge, it was not validated systematically for weak surges. It is believed that the relatively 
high cutoff frequency eliminated some contribution of large-scale vortices that were seen in weak 
surge roller. 
Further, in undular surges, the free-surface undulations created a streamline pattern, sketched in 
Figure 5-8, that was associated with time-variations of ideal-fluid flow velocity distributions, but 
does not represent "true" turbulence. It was caused by the Eulerian measurement technique of the 
unsteady flow. In a Lagrangian system of reference, this streamline pattern would not be "genuine" 
turbulence. 
 
5.5 DISCUSSION 
In weak surge flows, beneath the surge front and roller, the ADV probe outputs showed 
"reasonable" velocity signals suggesting a very-low proportion of errors and "spikes" in this type of 
highly-unsteady flow. The passage of the surge front was associated consistently with some 
increase in the average signal-to-noise ratios, average signal correlations and average signal 
amplitudes. In undular surge flows, the passage of the surge front and the following free-surface 
undulations were associated also with higher signal correlations, higher signal-to-noise ratios and to 
a lesser extent signal amplitudes. While these observations do not constitute a "true" validation of 
the acoustic Doppler velocimetry technique, this supports the use of ADV system in this type of 
highly unsteady flow conditions. 
 
                                                 
6See also discussion in Section 6 (paragraph 6.1). 
7See Discussion in Appendix E. 
8The Nyquist frequency, or Nyquist limit, is the highest frequency that can be coded at a given sampling rate 
in order to fully reconstruct the signal. If the signal is sampled at 50 Hz, the highest frequency that can be 
expected to be present in the sampled signal is 25 Hz. 
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Fig. 5-11 - Dimensionless vertical distributions of Reynolds stresses beneath a weak surge at 
t* g/do = 111.4 (t = 10 s) - Flow conditions : Fr = 1.8, y/W = 0.5, run 050530 - At each vertical 
elevation, 5 instantaneous, consecutive samples are presented 
(A) Normal tangential Reynolds stresses (vx2/V*2, vy2/V*2) at t* g/do = 111.4 - Comparison 
with initial flow properties 
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(B) Tangential Reynolds stresses (vx*vy/V*2) bat t* g/do = 111.4 (t = 10 s) - Comparison with 
initial flow properties (time-average and standard deviation of instantaneous tangential stresses) 
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Fig. 5-12 - Dimensionless time-fluctuations of normal and tangential Reynolds stresses (vx2/V*2, 
vy2/V*2, vx*vy/V*2) beneath an undular surge (Fr = 1.4, y/W = 0.5, run 050519) 
(A) z/do = 0.292, Series 2 
(A1) Normal Reynolds stresses (vx2/V*2, vy2/V*2) (A2) Tangential Reynolds stress (vx*vy/V*2) 
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(B) z/do = 0.545, Series 2 
(B1) Normal Reynolds stresses (vx2/V*2, vy2/V*2) (B2) Tangential Reynolds stress (vx*vy/V*2) 
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(C) z/do = 0.697, Series 2 
(C1) Normal Reynolds stresses (vx2/V*2, vy2/V*2) (C2) Tangential Reynolds stress (vx*vy/V*2) 
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Fig. 5-12 - Sketch of a weak surge with its roller and mixing zone 
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6. DISCUSSION 
This experimental study of positive surges was conducted with transcritical (i.e. near-critical) initial 
flow conditions. The experimental setup was selected to generate both undular (non-breaking) bores 
and weak (breaking) surges with the same initial conditions. The only dependant parameter was the 
downstream gate opening after closure. Present results provide an unique data set to compare 
undular and weak surge turbulent flow properties with identical inflow. The positive surges 
travelled upstream against the flow but no complete flow reversal took place after the surge 
passage. It is acknowledged that these initial conditions might not be typical of positive surges in 
water supply system and of tidal bores in natural estuaries. 
 
6.1 COMPARISON WITH HYDRAULIC JUMP DATA 
A positive surge is sometimes called a "hydraulic jump in translation". While there are differences 
between positives surges and hydraulic jumps (e.g. YEH and MOK 1990), both may be analysed 
with the same one-dimensional approach : i.e., the Bélanger equation named after Jean-Baptiste 
BELANGER (1789-1874) who first applied the momentum principle to hydraulic jump 
(BELANGER 1828) (Section 1.1). A stationary hydraulic jump may be an extremely turbulent 
process, characterised by large-scale turbulence, surface waves and spray, energy dissipation and 
air entrainment (Fig. 6-1). Figure 6-1 shows different types of hydraulic jumps. In Figure 6-1C, the 
large-scale turbulence region called "roller" is clearly seen. 
Turbulence measurements in hydraulic jumps are rare (Table 6-1) (9). RESCH and 
LEUTHEUSSER (1972) presented a significant contribution. Their measurements were performed 
with a 2D hot-film probe system. LIU (2004) performed some basic turbulence measurements in a 
weak hydraulic jump. The study was conducted with the same metrology as in the present study 
(i.e. ADV system). All studies were conducted in weak or breaking jumps. 
 
Table 6-1 - Turbulence measurements in stationary hydraulic jumps 
 
Reference Vo
g*do
 
Inflow conditions Instrumentation Remarks 
(1) (2) (3) (4) (5) 
RESCH and 
LEUTHEUSSER 
(1972) 
  Double V-shaped hot-
film probe 
W = 0.39 m. 
 2.85 do = 0.039 m, F/D   
 2.85 do = 0.039 m, P/D   
 6.0 do = 0.0122 m, F/D   
 6.0 do = 0.0122 m, P/D   
LIU (2004)   Micro ADV 16 MHz 
3D downlooking 
W = 0.46 m. 
 2.0 do = 0.071 m, P/D   
 2.5 do = 0.071 m, P/D   
 3.32 do = 0.041 m, P/D   
 
Notes: F/D : fully-developed inflow conditions; P/D : partially-developed inflow conditions. 
 
                                                 
9This review does not include the air flow study of ROUSE et al. (1959). 
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Direct quantitative comparisons between hydraulic jump and surge experiments are difficult 
because of the unsteady nature of positive surge. Some qualitative comparison may be relevant 
however. Figure 6-2 illustrates normal and tangential Reynolds stress measurements in a weak 
jump, with inflow Froude number comparable to the weak surge conditions. Steady hydraulic jump 
data showed increasing Reynolds stresses with increasing vertical distance from the bed towards the 
entrainment point (i.e. jump toe) (Fig. 6-2). A similar trend was seen beneath the weak surge roller 
with higher levels of Reynolds stresses for 0.5 < z/do < 1 (Fig. 5-10) (paragraph 5.4.2). 
 
Fig. 6-1 - Photographs of stationary hydraulic jump (Photographs by Hubert CHANSON) 
(A) Undular hydraulic jump with full-developed inflow conditions : Fro = 1.6, W = 0.25 m - Side 
view with flow from right to left 
 
 
(B) Hydraulic jump with roller and fully-developed inflow, Fro = 1.7, W = 0.25 m 
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(C) Steady jump with partially-developed inflow conditions : Fro = 5.8, do = 0.020 m, Vo = 2.57 
m/s, W = 0.5 m 
 
 
Fig. 6-2 - Dimensionless time-averaged Reynolds stresses vx'2/Vo2 and vx*vy
⎯⎯ /Vo2 in a weak 
hydraulic jump (LIU 2004) - Fro = 2.0, do = 0.071 m, x = 0.13, 0.23 & 0.33 m downstream of jump 
toe, centreline data (y/W = 0.5) 
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6.2 COMPARISON WITH FIELD OBSERVATIONS IN TIDAL BORES 
While there are numerous visual accounts of tidal bores, field measurements are limited and most 
studies recorded a very-limited number of parameters. An attempt was made to compare present 
results with a few field measurements of velocity beneath tidal bores (Table 6-2). Figure 6-3 
87 
presents one record in the Dee river (UK) (10). Figure 6-4 shows photographs of the measurement 
site, but note that the photographs were taken at later dates. Most field data (Table 6-2) were 
reported with coarse resolutions in terms of time scales, vertical resolution and velocity magnitudes, 
and the writers were unable to analyse these conclusively but one data set (Dee river bore on 17 
March 1972) (11). 
In the Dee river bore data set, two-dimensional velocity measurements were conducted by Professor 
David HUNTLEY on 17 March 1972 evening. It was an undular bore with some breaking at the 
first wave crest : "there was some foaming at the head of the first wave, but that it was weak and the 
main characteristic was the following wave train" (HUNTLEY, D. 2005, Pers. Comm.). The record 
(Fig. 6-3A) showed about 30 undulations in about 45 s and the pattern was consistent with typical 
observations of "wave period [...] just less than 2 seconds for a very weak undular bore dropping to 
about 1 sec for the whelps following a stronger perhaps partly breaking bore" at Saltney ferry 
bridge (JONES, J.E. 2005, Pers. Comm.). 
 
Table 6-2 - Field measurements of turbulent velocities in tidal bores 
 
Ref. Location Initial flow 
conditions 
Bore 
characteristics 
Instrumentation Remarks 
(1) (2) (3) (4) (5) (6) 
HUNTLEY 
(2003, Pers. 
Comm.) 
Dee river (UK) at 
Saltney Ferry on 
17 March 1972 
around 23:42 
Vo = +0.06 m/s Undular bore Two-dimensional 
electro-magnetic 
current meter 
 
LEWIS (1972) Dee river (UK) at 
Saltney Ferry on 
17 March 1972, 
23:40  
do ~ 1.4 m Undular bore Savonius type 
current meter 
(Hydro-Products 
type 451) located 
0.3 m below the 
initial free-surface 
Coarse data record. 60 
m downstream of 
Saltney Ferry 
footbridge. Field studies 
on 13-21 March and 11-
18 April 1972. 
KJERFVE and 
FERREIRA 
(1993) 
Rio Mearim 
(Brazil), between 
Ponta Verde and 
Arari 
 Undular/breaking 
bore, U = 1.5 to 2 
m/s, ∆d = 1 m, 
Vconj ~ -2 to -3.5 
m/s 
Interocan S4 
electro-magnetic 
current meter (1 & 
2 Hz) 
3 sites (incl. sites C & 
D). Instruments 
mounted 0.7 m above 
bottom. 
 Site C Vo = +0.4 m/s Vconj = -1.9 m/s  Downstream of 
confluence with Rio 
Pindaré. 
SIMPSON et al. 
(2004) 
Dee river (UK) at 
Saltney on 6 Sept. 
2002 
0 < Vo < +0.1 
m/s, do ~ 1.5 m
Breaking bore 
Vconj ~ -1 m/s 
ADCP (bottom 
mounted, bin size: 
0.3 m, 10 Hz) 
 
WOLANSKI et 
al. (2004) 
Daly river (Aus.) 
2 July 2003 
Vo = +0.07 to 
0.2  m/s 
do ~ 1.5 m 
Undular bore 
U = 4.5 m/s, ∆d = 
0.4 m, Undulation 
period: 12 s, aw = 
0.1 m 
Electro-magnetic 
S4 current meter 
(2 Hz) 
Site C. Another 
instrument was mounted 
but not used to study the 
bore front  
(ADCP, bin size: 1 m, 2 
Hz) 
 
Notes : aw : first wave amplitude (undular bore); Lw : first wave length; ∆d : water depth 
discontinuity at bore front (∆d = dconj - do). 
                                                 
10LEWIS (1972) and HUNTLEY (2003) performed field measurements during the same event about 1.5 km 
apart. The latter record was the most accurate and is discussed herein (Fig. 6-3). 
11The present comparative analysis did not include the detailed free-surface measurements in undular and 
breaking surges by PONSY and CARBONNELL (1966). They recorded three-dimensional free-surface 
profiles of positive surges in a 40 m wide trapezoidal channel upstream of Oraison power plant. 
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Fig. 6-3 - Velocity data in the Dee river bore on 17 March 1972 around 23:42 hours at Saltney ferry 
footbridge (Courtesy of Professor David HUNTLEY) 
(A) Original current meter data of Professor HUNTLEY (Courtesy of Dr Eric JONES) - Compare 
the picture (after 180º rotation) with Figure 5-6 
 
 
(B) Digitised data - Streamwise and vertical velocity measurements (Vx and Vz) 
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Beneath the undular bore, the velocity data suggested similar trends to present results (e.g. Fig. 5-6 
& 5-7). For example, let us rotate by 180º the original paper recording sheet (Fig. 6-3A) and place it 
next to Figure 5-6A. Basically the passage of the undular bore was associated with a sharp flow 
deceleration (and flow reversal), associated with large fluctuations of the vertical velocities Vz 
(Fig. 6-3B)). Beneath the "whelps" (i.e. free-surface undulations), the longitudinal velocities 
oscillated with the same period as the free-surface waves. The same trend was observed in the 
present study (Fig. 5-6 & 5-7). 
Any comparison between field and laboratory results has some limitation however. In Nature, tidal 
bores occur in natural channels (Fig. 1-2) or man-made trapezoidal channels (e.g. Dee river), while 
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the present study was conducted in a rectangular flume. Further present inflow conditions were 
transcritical and flow reversal was seldom observed. In tidal bores, the freshwater flow is usually 
weak with velocities often below 0.1 m/s, while a strong flow reversal is observed behind the bore 
(e.g. Fig. 6-3, CHANSON 2001, WOLANSKI et al. 2004). Sediment motion is always present in 
natural systems, particularly in tidal bore flow (see next paragraph). 
 
Fig. 6-4 - Photographs of the Dee river bore at Saltney Ferry (Courtesy of Dr Eric JONES) 
(A) Looking downstream at the incoming bore in 1985 during moderately high freshwater flow 
conditions - Saltney Ferry footbridge is seen in the foreground 
 
 
(B) Looking upstream after the bore passed beneath the bridge during low-freshwater flow 
conditions 
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6.3 TURBULENT MIXING BENEATH POSITIVE SURGES AND BORES 
A re-analysis of hydraulic jump and tidal bore data showed that mixing coefficients in such rapidly-
varied flows were about one order of magnitude larger than those in gradually-varied open channel 
flows (CHANSON 2004b, pp. 95-97). It is well-known that tidal bores induce strong turbulent 
mixing in estuaries and river mouths, and the effect may be felt along considerable distances when 
the bore travels far upstream. For example, the tidal bore on the Pungue river (Mozambique) is still 
about 0.7 m high about 50 km upstream of the mouth and it may reach 80 km inland; the Hoogly 
bore may propagate more than 80 km flowing past the port of Calcutta; the smaller tidal bore of the 
Sée-Sélune rivers lasts for a few hours and affects more than 15 km of estuarine channels. 
The effect of tidal bores on sediment mixing and advection was studied by some researchers : e.g., 
by CHEN et al. (1990) in the Hangzhou Bay and Qiantang river, by TESSIER and TERWINDT 
(1994) in the Baie du Mont-Saint-Michel. In the Rio Mearim, KJERFVE and FERREIRA (1993) 
reported: "in shallow areas, the water boiled violently after the passage of the bore and became 
brownish-black". All studies showed that the arrival of the bore front was associated with intense 
bed material mixing and with upstream advection of suspended material behind the bore front. 
CHANSON (2001,2004c) argued that sediment suspension behind undular bores is sustained by 
strong wave motion for relatively long periods. In the Dordogne river, he observed some intense 
wave motion lasting more than 20 minutes after the bore passage. CHANSON (2001) suggested 
some bed material scour beneath each undulation and an upward suspension between trough and 
crest, while the suspended material is advected in the flood flow behind the bore. DONNELLY and 
CHANSON (2005) refined the analysis and showed that scour takes place beneath wave crests. 
They argued that the free-surface undulations ("whelps") induce further a rapid cyclic loading on 
the unconsolidated bed material which may yield to liquefaction. Both studies were based upon a 
quasi-steady flow analogy and experimental data gained in stationary undular hydraulic jumps. 
In the Bay of Fundy, RULIFSON and TULL (1999) studied the impact of bores on striped bass 
spawning and they discussed the longitudinal dispersion of fish eggs in tidal bore affected rivers in 
the Bay of Fundy (Can.). KJERFVE and FERREIRA (1993) presented quantitative measurements 
of salinity and temperature changes behind the tidal bore of Rio Mearim (Bra.). They recorded 
sharp jumps in salinity and water temperature about 18 to 42 minutes (12) after the bore passage 
depending upon the sampling site location. During one event on 30 Jan. 1991, a 150 kg sawhorse 
was toppled down, tumbled for 1.4 km and buried deep into sand. In the Daly river (Aus.), 
WOLANSKI et al. (2004) studied the bore passage at a site located 30 to 40 km upstream of the 
river mouth. During one event on 2 July 2003, a period of strong turbulence was observed for about 
3 minutes at about 20 minutes after the bore passage. During this "turbulence patch", a tripod 
holding instruments was toppled down. In the Dee river (UK), on 6 Sept. 2002, some incomplete 
ADCP data showed a sudden increase in shear stress about 15 minutes after the bore passage 
(SIMPSON et al. 2004). In the river Mersey (UK), quantitative measurements of salinity behind the 
bore indicated with a sharp jump about 10-15 minutes after the bore on 12 July 1987 (DAVIES 
1988). 
Two fascinating experiments were conducted by M. PARTIOT in the Seine river tidal bore and 
reported in BAZIN (1865b, pp. 640-641) (Fig. 6-5). The experiments highlighted different flow 
patterns next to the surface and at deeper depths. On 13 Sept 1855, in front of the Chapel Barre-y-
Va (downstream of Caudebec-en-Caux), two floats were introduced in the river flow (a) at the 
surface and (b) next to the bottom (3.3 m beneath the surface). When the undular bore arrived, the 
surface float (a) continued to flow downstream for 130 sec. after the bore passage and flowed 
upstream afterwards, while the bottom float (b) flowed downstream only 90 sec. after the bore 
passage. On 25 Sept 1855, in front of Vallon de Caudebecquet, three floats were introduced (a) at 
the surface, (b) 1.5 m beneath the surface and (c) next to the bottom, all in the middle of the river. 
                                                 
12The longest time lag was observed at the most upstream sampling site. 
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At the undular surge arrival, the float (a) started to run upstream 145 sec. after the bore passage, 
while the floats (b) and (c) flowed upstream 60 sec. after the bore passing. 
KJERFVE and FERREIRA (1993) reported also some unusual flow reversal pattern in the Rio 
Mearim : "at times, the downstream flow resumed after passage of the bore for another 30 s before 
the flow again surged upstream". Their observations were based upon measurements at 0.7 m 
above the bottom. 
 
 
Fig. 6-5 - Ancient photographs of the Seine river tidal bore ("mascaret") 
(A) Strong breaking wave front at Quilleboeuf  (Photo I. Hernault, Le Havre) - Ancient postcard 
"Quilleboeuf, le Macaret" (Courtesy of J.J. MALANDAIN) 
 
 
 
(B) Mascaret at "Vieux-Port", near Quilleboeuf - Ancient postcard "Vieux-Port, arrivée du 
mascaret" (Courtesy of J.J. MALANDAIN) 
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Present findings 
Present results focused on the bore front and the short period immediately after bore passage. They 
provided new turbulent velocity data recorded at high-frequency (50 Hz) under controlled flow 
conditions. The new experimental evidences (Present study) showed that the arrival of the surge 
front was always characterised by very rapid changes in streamwise velocities and by large 
fluctuations in transverse velocities (Section 5). This was associated with large turbulent Reynolds 
stresses beneath the surge flow at most vertical elevations within the range of the investigations (i.e. 
Fr < 2 and y/do < 1). 
Prior to the bore, the initial steady flow conditions are well-defined and often quiescent in a tidal-
bore affected river section. The arrival and passage of a bore is associated with significant bed 
material scour and pickup. Such a sediment erosion process is an Eulerian problem, and present 
experimental results are directly applicable. The ensuing sediment suspension and advection behind 
the bore front is a Lagrangian problem however. 
Based upon present results, two main mechanisms of sediment scour and transport may be 
proposed. In weak surge flows, the data showed some rapid flow separation beneath the surge front. 
Flow separation and large transverse velocity fluctuations next to the bed enable scour and erosion 
of unconsolidated bed materials. The eroded matters are subsequently mixed in the developing 
shear region of the roller and advected by large coherent structures in the flood flow behind the 
surge. 
In undular surges, maximum Reynolds stresses were observed beneath the wave crests. The data 
suggested repeated high shear and scour just before and below each wave crest. Eroded bed 
material is then placed into suspension and advected in the "whelps" and wave motion behind the 
first wave crest. Such a mechanism was proposed by CHANSON (2001) and DONNELLY and 
CHANSON (2005). 
 
6.4 FLOW TURBULENCE AND ENERGY DISSIPATION 
6.4.1 Turbulence in tidal bores 
Field observations demonstrated systematically very strong turbulence and mighty mixing in tidal 
bores (e.g. Fig. 1-2, 6-5 & 6-6). The writers believe strongly that the flood flow turbulence is 
largely generated by the positive surge because the bore propagates faster than the flood flow 
behind (i.e. U > Vconj). Any discussion on tidal bore impact must include the contributions of both 
surge front and ensuing flow motion. 
Evidences of very strong turbulent mixing encompassed repeated impact and damage to field 
measurement equipments : e.g., in Rio Mearim (KJERFVE and FERREIRA 1993), in the Daly river 
(WOLANSKI et al. 2004), in the Dee river (SIMPSON et al. 2004). Further demonstrations 
included major damage to river banks and navigation. For example, more than 220 ships were lost 
in the Seine river "mascaret" (tidal bore) between 1789 and 1840 in the Quilleboeuf-Villequier 
section (MALANDAIN 1988); Captain MOORE lost almost his survey ship and two steam cutters 
when he inadvertently anchored in the Qiantang river estuary in 1888 (MOORE 1888, DARWIN 
1897); the Qiantang river banks were repeatedly damaged and overtopped by the tidal bore for 
centuries (e.g. DAI and ZHOU 1987). Other tragic evidences included numerous drownings in tidal 
bores and "whelps" : e.g., in the Fly river (PNG) (BEAVER 1920, p. 144), in the Seine river 
(MALANDAIN 1988) (13). 
Clearly tidal bores are extremely turbulent flows with extremely complicated turbulent flow field 
(Fig. 6-6). 
 
                                                 
13Note that Victor HUGO's daughter, Leopoldine HUGO, was not drowned in the tidal bore of the Seine 
river. She and her husband Charles VACQUERIE died in a boat accident at Villequier on 4 September 1843. 
On that day, the tides were neap tides and there was no tidal bore at the time of the accident. 
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6.4.2 Energy dissipation in positive surges and bores 
Some studies (e.g. RAYLEIGH 1908, SIMPSON et al. 2004) suggested incorrectly that the energy 
flux (i.e. power) dissipated by a positive surge in a channel is simply : 
 ρ * g * Qsrg * ∆H (6-1) 
where ρ is the water density, g is the gravity acceleration, ∆H is the energy loss across the surge 
front and Qsrg is volume flux at the surge front for an observer travelling with the surge front : 
 ∆H  =  (dconj - do)
3
4 * dconj * do
 (6-2) 
 Qsrg  =  (Vo + U) * do * W  =  (Vconj + U) * dconj * W (6-3) 
with V and d being the Eulerian flow velocity and flow depth respectively, the subscripts o and conj 
being the initial flow conditions and flow conditions immediately behind the surge front, and W 
being the channel width. Equation (6-1) is obtained by following the bore front. The writers believe 
that Equation (6-1) is highly simplistic and that it is an under-representation of the energy brought 
by the positive surge to the entire waterway. 
First let us consider an undular surge (Fig. 5-8). Equations (6-1) and (6-2) predict negligible energy 
losses. However a simple flow net analysis shows an undular streamline pattern (Fig. 5-8). For a 
point fixed in space, the passage of the surge front and ensuing free-surface undulations are 
associated with relatively-rapid fluctuations of the pressure distributions, from less than hydrostatic 
beneath wave crest to larger than hydrostatic beneath wave troughs, as well as fluctuations of 
velocities, in diverging streamlines between troughs and crests, and converging streamlines 
between crests and troughs. This flow pattern is derived from basic ideal fluid flow considerations 
and may be long-lasting. The pressure and velocity fluctuations are associated with bed shear 
fluctuations and do contribute to maintain fine sediments in suspension as beneath waves (e.g. 
NIELSEN 1992, SAWARAGI 1995). The reasoning is supported by strong turbulence measured in 
undular bores (see above) and sediment advection observations behind the bore front (e.g. Fig. 6-
6D). 
Let us consider now the large volumes of sediments advected upstream behind the surge front and 
observed by numerous researchers. The transfer of energy from a tidal bore to the waterway must 
include the potential energy required to advect upstream these volumes of solid sediments behind 
the surge. The potential energy flux required to advect the sediments is : 
 ρs* g * ∆zo * Cs * Qsrg (6-1) 
where ρs is the sediment mixture density, Cs is the sediment volume concentration advected behind 
the surge front and ∆zo is the bed elevation difference between sediment pickup location and 
deposit. The latter is related to the tidal range and bed topography. 
Further some turbulent energy is dissipated in vortical structures advected behind the surge front. 
The role of these large-scale turbulent structures was highlighted by YEH and MOK (1990) and 
HORNUNG et al. (1995). It is thought however that these may be highly dependant upon the initial 
flow conditions. For example, YEH and MOK (1990) and HORNUNG et al. (1995) studied only 
positive surges propagating in initially still waters.  
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Fig. 6-6 - Turbulence in tidal bores 
(A) Tidal bore in Turnagain Inlet, Upper Cook Inlet, Alaska (Archival photograph by Mr. Steve 
NICKLAS, NGS/RSD, Image ID: line1769, NOAA Photo Library/America's Coastlines Collection) 
- Looking at the advancing bore front 
 
 
 
 
(B) Hangzhou bore on the Qiantang river on 11 November 2003 (Courtesy of Dr Cheng LIU, 
IRTCES) - Looking from the left bank at the bore roller propagating from left to right 
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(C) Sélune river tidal bore beneath at the Pont Aubaud stone bridge, Pontaubault on 7 April 2004 
around 9:01 am on (Photograph by H. CHANSON) - Looking upstream at the bore turbulent free-
surface - Note the smooth quiescent upstream flow in the background, upstream of the bridge - The 
bore front propagates away from the photographer 
 
 
 
(D) Sélune river bank at Pontaubault on 7 April 2004 around 9:04 am, three minutes after bore 
passage, view from the left bank (Photograph by H. CHANSON) - Look at the sediment clouds 
advected upstream next to the bank (from left to right) and the choppy waters ("clapotis") towards 
the middle of the river in the background 
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7. CONCLUSION 
To date, limited quantitative information is available on turbulent mixing induced by tidal bores 
because the hydrodynamics of positive surges and the turbulence field were not studied with fine 
instrumentation under well-defined flow conditions. Herein new experimental investigations were 
conducted with positive surges under controlled flow conditions in a large channel (L = 12 m, W = 
0.5 m). Detailed turbulence measurements were performed with a high-temporal resolution (50 Hz) 
using side-looking acoustic Doppler velocimetry and non-intrusive free-surface measurement 
devices. 
The metrology was first checked in steady flows. The 2D side-looking micro ADV was 
successfully tested on the channel centreline against a Prandtl-Pitot tube. No effect of the channel 
bed was observed even at the closest location (z = 7.2 mm). But boundary effects were observed 
next to the sidewall (0.91 < y/W < 1). The ADV velocity outputs underestimated consistently the 
streamwise velocity for y > 455 mm, and this was linked with a marked decrease in velocity signal 
correlation, signal-to-noise ratio and amplitude (App. B). 
The experiments were designed to study a range of positive surges with a minimum number of 
dependant variables. Most tests were conducted with a horizontal bed slope, a constant flow rate (Q 
= 0.040 m3/s) and uncontrolled flow conditions. The only dependant variable was the downstream 
gate opening after closure. Detailed turbulent measurements were conducted in the initial flow at x 
= 5 m. The results included distributions of time-averaged velocities, normal and tangential 
Reynolds stresses, and dissipation and integral time scales. At the sampling location (x = 5 m), the 
flow was transcritical (do/dc = 0.9) and the turbulent boundary layer was partially developed (δ/do 
= 0.6 to 0.8). The shear velocity was successfully estimated using the Preston-Prandtl-Pitot tube 
calibration curve of CHANSON (2000) developed for open channel flows. The result compared 
well with a match between velocity data in the inner flow layer and logarithmic velocity law. 
Unsteady experiments were performed in positive surges resulting from a rapid gate closure at the 
downstream end of the flume and propagating upstream against the initial flow. Two main types of 
positive surge were observed. For surge Froude numbers Fr less than 1.7, the bore was an undular 
surge. The wave front was followed by a train of well-formed free-surface undulations. For Fr < 1.4 
to 1.5, the first wave crest free-surface was smooth and some cross-waves were observed. For 
intermediate Froude numbers, some breaking was seen at the first wave crest. For larger surge 
Froude numbers (Fr > 1.7), a weak (breaking) surge was observed. The surge front had a marked 
roller, but some surface upward curvature was observed ahead of the roller for the investigated 
conditions (1.7 < Fr < 2.1). 
Detailed instantaneous velocity measurements beneath positive surges showed a marked effect of 
the surge passage. Streamwise velocities were characterised by a rapid flow deceleration at all 
vertical elevations, and some flow reversal were measured next to the bed in the weak surge flow. 
Large fluctuations of transverse velocities were recorded beneath the surges. Turbulent stresses 
were deduced from high-pass filtered data (App. E). The results showed large normal and tangential 
Reynolds stresses beneath the surge front. In weak surge, large stresses were observed next to the 
shear zone in regions of high velocity gradients. In undular surges, larger Reynolds stresses were 
recorded in the lower flow region including next to the bed, and maximum normal and tangential 
stresses were observed immediately upstream of and at wave crests. 
A comparison between undular and weak surge data suggested two main mechanisms of sediment 
scour and scalar transport. In weak surge flows, the data showed some rapid flow separation 
beneath the surge front. Flow separation and large transverse velocities enable scour and erosion of 
unconsolidated bed materials that are subsequently mixed in the developing shear region of the 
roller and advected by large coherent structures behind the roller. In undular surges, maximum 
Reynolds stresses were observed beneath and just before each wave crest. Hence bed erosion may 
take place beneath each wave crest, and the eroded material and other scalars are advected in the 
"whelps" and wave motion behind the first wave crest. 
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Experimental results were compared with a few relevant data sets obtained in stationary hydraulic 
jumps and in tidal bores. Field measurements and observations emphasised very-strong turbulence 
levels behind tidal bores (Fig. 7-1). But such turbulence might be underestimated in small-size 
laboratory channels and in bore experiments propagating in stationary fluid. Further investigations 
should be conducted to assess systematically the effects of inflow conditions on positive surge 
characteristics. Overall the present study demonstrated unique features of positive surges and bores, 
and some key differences with hydraulic jumps flows. 
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Fig. 7-1 - Photographs of turbulent tidal bores 
(A) Tourists watching the turbulent bore of the Qiantang River, China in 1997 (Courtesy of Dr Eric 
JONES) 
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(B) Tidal bore in Turnagain Inlet, Alaska in July 2001 (Courtesy of David MERRIGAN & Bore 
Riders Club) 
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APPENDIX A - BOUNDARY SHEAR STRESS MEASUREMENTS WITH PITOT 
TUBES 
The Pitot tube is named after Henri PITOT (1695-1771), French mathematician, astronomer, 
hydraulician and a member of the French Académie des Sciences from 1724. He invented a tubular 
device to measure flow velocity in the Seine river (first presentation in 1732 at the Académie des 
Sciences). Ludwig PRANDTL (1875-1953) was a German physicist and aerodynamicist who 
introduced the concept of boundary layer (PRANDTL 1904) and developed the turbulent 'mixing 
length' theory. He developed an improved Pitot tube design which provided direct measurements of 
the total head, piezometric head and velocity (e.g. HOWE 1949, pp. 194-196, TROSKOLANSKI 
1960, pp. 212-215). The modified Pitot tube is sometimes called a Pitot-Prandtl or Prandtl-design 
tube. The accuracy of the Pitot-Prandtl tube is about 1% of the differential pressure under correct 
conditions of pressure recording. Although the concept relies upon the tube alignment with the 
streamline, the Prandtl design gives a differential pressure error smaller than 1% for angles of 
deviations within the limits +/-17º (e.g. HOWE 1949, p. 195, TROSKOLANSKI 1960, pp. 213-
214, ACKERMAN and HOOVER 2001). Errors on the total pressure and static pressure are less 
than 2.5% within the limits +/-10º (e.g. TROSKOLANSKI 1960, p. 213). 
CHANSON (2000) utilised a 3.3-mm diameter Prandtl-Pitot tube similar to that used by the writers. 
The device was tested and compared with a British Standards design within 1% in a wind tunnel for 
Re = 1E+5 to 9E+5. In open channel flows at uniform equilibrium (i.e. normal flow conditions), the 
integration of velocity distributions measured at various transverse positions satisfied the continuity 
equation within 5% for q = 0.02 to 0.10 m2/s (e.g. CHANSON 1995,2000). Additional (but 
incomplete) tests were performed in developing boundary layers in open channels and the results 
showed that the errors on the total pressure, static pressure and velocity were less than 5% for pitch 
angles between -3.5 to +10º (CHANSON 2000). 
Based upon a dimensional analysis, PRESTON (1954) showed that the skin friction is measurable 
with a Pitot tube lying on the boundary. He stressed that the tube diameter had to be less than 20% 
of the boundary layer thickness. His work was extended by PATEL (1965) who suggested an 
accuracy of +/-1.5%. For the past 40 years, methods were devised to refine boundary shear stress 
measurements using "Preston-type" tubes. The experience gained at the University of Queensland 
(KAZEMIPOUR and APELT 1983, MACINTOSH 1990,1992, XIE 1998, CHANSON 2000) 
suggested that each tube must be calibrated independently, preferably in-situ, rather than relying on 
Patel's correlations. In the particular case of Prandtl-Pitot tubes, the distance between the total and 
static pressure tappings is a critical factor. Large distances could lead to significant errors because 
the flow conditions would differ between the two locations. 
MACINTOSH (1990) and CHANSON (2000) developed independently some calibration 
relationships for a Roving-Preston tube and a Prandtl-Pitot tube respectively. In uniform 
equilibrium flows, they performed detailed measurements along entire wetted perimeters. The 
results yielded calibration curves in qualitative agreement with PATEL's (1965) curves, but 
quantitative differences were systematically observed. These were attributed to different 
experimental flumes and Pitot tubes. The calibration curve of CHANSON (2000) was applied to a 
similar design Prandtl-Pitot tube in the present study, and the results were successfully validated 
with a comparison of the logarithmic law with velocity data measurements in the inner layer of a 
developing boundary layer. 
XIE (1998) investigated open channel flows in uniform (W = 0.4 m) and non-uniform (0.2 ≤ W ≤ 
0.4 m) channels with a geometry identical to that used by KAZEMIPOUR and APELT (1983). In 
non-uniform channel, XIE showed that the shear stress error measured with a Pitot tube is less than 
10% for yaw deviations within +/-10º. Using both a Pitot tube (Roving-Preston Tube) and a 2-
component LDV system, he further demonstrated that the boundary shear stress in non-uniform 
channels is a function of the velocity gradient at the wall provided that separation does not occur: 
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"the magnitude of the BSS (boundary shear stress) is proportional to the velocity gradient at the 
boundary" (XIE 1998, p. 215). 
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APPENDIX B - EFFECT OF SOLID BOUNDARY PROXIMITY ON MICRO ADV 
16 MHZ 2D SIDE-LOOKING VELOCITY MEASUREMENTS 
B.1 PRESENTATION 
Acoustic Doppler velocimetry (ADV) is designed to record instantaneous velocity components at a 
single-point with a relatively high frequency. Measurements are performed by measuring the 
velocity of particles in a remote sampling volume based upon the Doppler shift effect (e.g. 
VOULGARIS and TROWBRIDGE 1998, McLELAND and NICHOLAS 2000). With a 
conventional 3D down-looking ADV system, the probe head includes one transmitter and three 
receivers. The sampling volume is located either 5 or 10 cm from the tip of the probe, but some 
studies showed that the distance might change slightly (e.g. CHANSON et al. 2000). Its size is 
determined by the sampling conditions. In a standard configuration, the sampling volume is about a 
cylinder of water with a diameter of 6 mm and a height of 9 mm, although WAHL (2003) argued its 
exact shape. With a Sontek micro ADV, the sampling volume size is about a cylinder with 3.5 mm 
diameter of 3.5 mm and 5.2 mm height. 
Several researchers discussed the effects of boundary proximity on the sampling volume and the 
impact on time-average velocity data (Table B-1). MARTIN et al. (2002) argued that high turbulent 
shear next a boundary was associated with lower signal correlations. Several studies found that the 
acoustic Doppler velocimetry underestimated the streamwise velocity component in the vicinity of 
a solid boundary (e.g. FINELLI et al. 1999, LIU et al. 2002, Present study). Key results are 
summarised in Table B-2. 
In Table B-2, a comparison of the findings must be considered with care because some ADV 
velocity data may not be strictly comparable. First FINELLI et al. (1999) used un-processed ADV 
data. LIU et al. (2002) used post-processed ADV data "despiked" with a phase-space thresholding 
method. In the present study, the ADV data were checked for communication errors, and low 
correlations and signal-to-noise ratios (Section 2). Second, different acoustic Doppler velocimetry 
systems were used (Table B-1, columns 3 & 4). 
 
Table B-1 - Experimental studies of the effects of boundary proximity and velocity shear on 
acoustic Doppler velocimetry data 
 
Reference Reference probe ADV Instrument ADV Probe sensor Sampling rate 
(1) (2) (3) (4) (5) 
VOULGARIS and 
TROWBRIDGE 
(1998) 
8 mW Helium-
Neon LDV 
Sontek ADV 10 
MHz 
3D down-looking 25 Hz 
FINELLI et al. 
(1999) 
Hot-film probe 
Dantec R14 
(single-wire) 
Sontek ADV Field 
10 MHz 
3D down-looking 10 & 25 Hz 
MARTIN et al. 
(2002) 
-- Sontek micro 
ADV 16 Hz 
3D down-looking 50 Hz 
LIU et al. (2002) Prandtl-Pitot tube 
(Ø = 3 mm) 
Sontek micro 
ADV 16 MHz 
3D down-looking 50 Hz 
Present study Prandtl-Pitot tube 
(Ø = 3.02 mm) 
Sontek micro 
ADV 16 MHz 
2D side-looking 25 & 50 Hz 
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Table B-2 - ADV probe sampling volume positions affected by boundary proximity in open channel 
flows 
 
Reference Probe sampling volume location Remarks 
(1) (2) (3) 
FINELLI et al. (1999) z < 10 mm, centreline data W = 0.13 m. Acrylic bed and 
walls. 
LIU et al. (2002) z < 30 mm, centreline data W = 0.46 m. Aluminium bed, 
glass walls. 
Present study y < 45 mm W = 0.50 m. PVC bed, glass 
walls, 75 mm ≥ z ≥ 7.2 mm 
(ADV head touching channel 
bed). 
 
Notes : y : transverse distance from a sidewall; z : vertical distance from the invert. 
 
Fig. B-1 - Photograph of the micro ADV 16 MHz 2D side-looking (Present study) - The ADV is 
placed on the channel centreline at z ~ 10 to 20 mm. 
 
 
B.2 PRESENT STUDY 
The performances of a Sontek™ 16 MHz micro-ADV (serial number A641F) was compared 
systematically with measurements obtained with a Prandtl-Pitot tube. The ADV system was 
equipped with a 2D side-looking head (Fig. B-1). Two sampling rates were used: 25 and 50 Hz, the 
sampling period was 120 seconds, and the velocity range was 1.00 m/s. The Prandtl-Pitot tube had 
an external diameter Ø = 3.02 mm and the pressure head (i.e. total head) at the tip was measured 
through a 1 mm hole. The distance between the probe tip and the lateral pressure tappings (Ø = 0.5 
mm) was 9 mm. The Pitot tube was connected to an inclined manometer which gave the total head, 
the piezometric head, and the streamwise velocity component. 
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Systematic comparisons between Prandtl-Pitot tube and ADV data were performed throughout the 
water depth for one flow condition (Q = 0.04 m3/s, do = 0.079 m) at x = 5 m and at four transverse 
locations: y = 0.250, 0.375, 0.450 and 0.473 m, where x is the longitudinal distance from the 
channel intake and y is the transverse distance between the sampling volume and the right sidewall. 
For each measurement point, the ADV sensors were facing the left wall. Herein the ADV signals 
were post-processed with a simple velocity signal check. The ADV velocity data were "cleaned" by 
removing communication errors, low signal-to-noise ratio data (average SNR < 5 dB) and low 
correlation samples (average correlation < 60%). Next to the sidewall (y/W = 0.95 and 0.9), 
however, a significant number of samples were removed (i.e. 60 to 80%), and two further signal 
check settings were tried (Table B-3). 
 
Table B-3 - ADV signal check and criterion for data removal 
 
 Standard settings Option 2 Option 3 
ADV signal 
removal criteria : 
Communication errors 
Average correlation < 60% 
Average signal-to-noise 
ratio < 5 dB 
Communication errors 
Average correlation < 40% 
Average signal-to-noise 
ratio < 3 dB 
Communication errors 
Average correlation < 30% 
Average signal-to-noise 
ratio < 2 dB 
 
Note: ADV data signal check performed by the software WinADV 2.010. 
 
B.3 BASIC FINDINGS 
Overall a good agreement was observed between Prandtl-Pitot and ADV results in terms of the 
time-average streamwise (Vx) velocity component at all vertical locations for y = 0.250, 0.375 and 
0.450 m, even at z = 7.2 mm when the probe head barely touched the channel bed. That is, the bed 
vicinity had no influence on the velocity signals for the 2D side-looking ADV probe. 
However, next to the wall (y = 0.473 mm), the ADV data underestimated systematically the time-
average streamwise velocity (Fig. B-2). Figure B-2A shows a comparison between two ADV data 
sets obtained with different sampling rates and identical signal check settings, and Prandtl-Pitot 
tube velocity data. For a sampling rate of 50 Hz, Figure B-2B illustrates the effects of the signal 
check settings (Table B-3). For each figure, the percentages of "good samples" (1) are listed in the 
caption. For each vertical profile, the caption gives the average percentage, as well as the minimum 
and maximum percentage. 
First the results illustrate the low percentage of "good samples" next to the sidewall with the 
standard setting of signal check (i.e. around 5-10% only !). Second the results (e.g. Fig. B-2A) 
showed a somewhat greater velocity error with a 25 Hz sampling rate than with a sampling rate of 
50 Hz at y/W = 0.95, and to a lesser extent at y/W = 0.90. The finding was surprising since several 
studies argued that the instrument intrinsic noise decreases with decreasing sampling rate (e.g. 
NIKORA and GORING 1998, McLELAND and NICHOLAS 2000). 
Present results demonstrated further greater errors with signal check options 2 and 3, for a given 
sampling rate at y = 0.473 m (2). The trend is consistent with manufacturer specifications and 
previous studies who recommended to remove samples with correlations below 60 to 70% and 
signal-to-noise ratios below 5 dB (e.g. McLELAND and NICHOLAS 2000, SONTEK 2001). In the 
present study, only the standard velocity signal check was used and considered correct. 
 
                                                 
1given by WinADV 2.010. 
2A detailed comparison was performed with centreline data between the signal check standard 
settings and option 3 (Table B-3). The results showed negligible differences, which is possibly 
understandable since the average percentage of "good samples" was 80% with the standard settings. 
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B.3.1 Discussion 
The effects of wall proximity on the ADV velocity signal were characterised by a significant drop 
in average signal correlations, average signal-to-noise ratios and average signal amplitudes next to 
the sidewall. This is illustrated in Figure B-3 showing the experimental results. Each symbol 
represents an average value for 120 s data samples collected with a 50 Hz sampling rate. For these 
data obtained in steady flow conditions (Q = 0.04 m3/s, do = 0.079 m, x = 5 m) with 7.2 ≤ z ≤ 72 
mm, the relationships between transverse distance to the sidewall and average signal correlations, 
average signal-to-noise ratios and average signal amplitudes were best correlated by : 
 Average Correlation  =  124.0 * (0.5588  -  exp(- 57.135 * (W-y))) in %  (B-1) 
 Average Signal-to-Noise Ratio  =  2.978 * exp(3.952 * (W-y)) in dB  (B-2) 
 Average Signal Amplitude  =  36.83  +  49.31 * (W-y) (B-3) 
where W is the channel width and the transverse distance y is in metres. The above correlations 
were developed for a micro ADV 16 MHz 2D side-looking and for 0.50 ≤ y/W ≤ 0.95 with the 
transmitter and receivers facing the left wall (y/W = 1). They should not be applied outside of these 
conditions. (Note that the signal amplitude data is a measure of the strength of the acoustic 
reflection from the water. It is expressed in "counts" which must be multiplied by 0.43 to 0.45 to 
convert into dB.) 
Lower signal correlations next to a boundary were discussed by MARTIN et al. (2002) who 
attributed it to high turbulent shear and velocity gradient across the ADV probe sampling volume. 
In the present study, however, the decrease in signal-to-noise ratio with decreasing distance from 
the sidewall appeared to be the main factor affecting the velocity signal data. 
At y = 0.473 m (y/W = 0.95), the ADV velocity data underestimated the streamwise velocity 
component. This is illustrated in Figure B-4. The comparison between Prandtl-Pitot and micro 
ADV data yielded an empirical  correlation to correct the ADV velocity as a function of the vertical 
distance z from the bed : 
 1  -  
VADV
VPitot
 =  0.1925 * exp⎝⎜
⎛
⎠⎟
⎞
- 
(0.01485 - z)2
0.0014472  y = 0.473 m  (B-4) 
where z is in metres. In Equation (B-4), the ADV velocity is the post-processed velocity using the 
standard signal check settings (Table B-3). Equation (B-4) is plotted in Figure B-4 and compared 
with data. 
It must be stressed that past and present studies (Table B-1) were limited to a comparison of time-
average streamwise velocity component. No comparative test was performed on instantaneous 
velocities, turbulent velocity fluctuations nor Reynolds stresses. 
 
B.4 SUMMARY AND CONCLUDING REMARKS 
The present investigation was conducted with a micro ADV 16 MHz equipped with a 2D side-
looking head. Experimental measurements and comparison with Prandtl-Pitot tube data indicated 
that the ADV streamwise velocity data were not affected by the presence of the channel bed. 
However the ADV velocity estimates were underestimated in the vicinity of a sidewall (y/W < 0.09 
& y/W > 0.91). This was further associated with drastically lower signal correlations and signal-to-
noise ratios next to the sidewall (Fig. B-3). 
Some quantitative estimates of the sidewall effects were proposed (Eq. (B-1) to (B-4)), but these are 
restricted to the investigated flow conditions with a 2D side-looking micro ADV 16 MHz, in a 
channel equipped with a PVC bed and glass sidewalls. 
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Fig. B-2 - Dimensionless velocity distributions next to the sidewall (y = 0.473 mm) 
(A) Comparison between Pitot tube and ADV data (Standard setting, sampling rate: 25 & 50 Hz) 
ADV settings Run  % good samples  
  Minimum Average Maximum 
Standard signal check & 50 Hz 050531 5.5 8.3 11 
Standard signal check & 25 Hz 050506 1.9 3.8 6.8 
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(B) Comparison between Pitot tube and ADV data (Standard setting, Option 2 and Option 3, 
sampling rate: 50 Hz) 
ADV settings Run  % good samples  
  Minimum Average Maximum 
Standard signal check & 50 Hz 050531 5.5 8.3 11 
Signal check option 2 & 50 Hz 050531 26 33.8 41 
Signal check option 3 & 50 Hz 050531 50 58.4 65 
0
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0.4
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0.8
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Pitot tube
ADV Standard setting 50 Hz
ADV Option 2 50 Hz
ADV Option 3 50 Hz
z = 27 mm
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Fig. B-3 - Average signal correlations, signal-to-noise ratios and signal amplitude as function of the 
transverse distance y from the sidewall (runs 050530 and 050531, sampling rate: 50 Hz) - 
Comparison with Equations (B1), (B-2) and (B-3) 
0
10
20
30
40
50
60
70
80
90
0 0.05 0.1 0.15 0.2 0.25
z (m)
C
or
re
la
tio
n 
(%
), 
Si
gn
al
 A
m
pl
itu
de
0
1
2
3
4
5
6
7
8
Si
gn
al
-to
-n
oi
se
 ra
tio
 (d
B
)
Avg Correlation
Avg Signal Ampl.
"Avg Correlation"
correlation
Avg Signal Ampl.
correlation
Avg SNR
 
 
Fig. B-4 - Velocity measurements next to the sidewall (W-y = 0.027 m) for Q = 0.040 m3/s, do = 
0.079 m, x = 5 m - Comparison between ADV and Prandtl-Pitot tube data, and Equation (B-4) - 
ADV data sampling rate = 50 Hz, Standard signal check 
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APPENDIX C - UNSTEADY TURBULENT VELOCITY MEASUREMENTS 
BENEATH POSITIVE SURGES AND BORES 
C.1 PRESENTATION 
Positive surge experiments were conducted in a large tilting flume located in the Gordon McKAY 
Hydraulic Laboratory of the Department of Civil Engineering at the University of Queensland (Fig. 
C-1). The channel was 0.5 m wide and 12 m long. It was made of smooth PVC bed and glass walls. 
The waters were supplied by a constant head tank. A tainter gate was located at x = 11.15 m next to 
the downstream end of the channel. Its controlled and rapid closure induced a positive surge 
propagating upstream. Details of the flow conditions are given in Table C-1. 
For each positive surge experiment, the inflow was uncontrolled prior to gate closure and the bed 
slope was quasi-horizontal. The flow rate, supplied to the channel intake, was constant throughout 
the experiment. Gradually-varied flow conditions were established for at least 10 minutes prior to 
measurements. A positive surge was generated by the rapid closure of a downstream tainter gate. 
The gate closure occurred in less than 0.1 to 0.2 seconds. Each experiment was repeated several 
times to obtain experimental data recorded at several vertical elevations z. 
For each run, flow measurements and data acquisition were started for 2 minutes prior to gate 
closure (partial or complete). After gate closure the travelling bore propagated upstream against the 
gradually-varied flow over the full channel length. Each experiment was stopped when the bore 
front reached the channel intake structure. Tests were repeated systematically for different gate 
closures. 
Detailed velocity and free-surface elevation measurements were recorded with a horizontal bed 
slope. The acoustic Doppler velocimeter (ADV) was located at a distance x = 5 m from the channel 
intake and at y/W = 0.5 (CL), 0.75, 0.90 and 0.95, where y is the transverse distance measured from 
the right sidewall and W is the channel width (W = 0.5 m). An acoustic displacement meter was 
located at x = 5 m to record simultaneously the free-surface elevation immediately above the ADV 
sampling volume, while additional sensors were recording the free-surface elevation on the channel 
centreline at x = 7 and 6 m. 
Herein the data presentation is limited to samples recorded from 10 seconds prior to the bore arrival 
up to 15 seconds after bore passage at x = 5 m. 
 
Fig. C-1 - Experimental channel 
(A) Definition sketch of the flume 
Tainter gate
Surge
front
Acoustic
displacement
meter
Acoustic
Doppler
velo cimeter
Overfall
Vo do
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(B) Definition sketch of the velocity components - View in elevation with steady flow direction 
from right to left 
 
 
 
Table C-1 - Summary of experimental flow conditions 
 
Run Slope 
So 
Q do 
(x = 5 m) 
Gate opening 
(after closure)
Location 
y/W 
Sampling 
rate 
Experiment U Surge 
type 
  m3/s m m  Hz  m/s  
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
Series 1 0 0.040 0.079 0.020  50  0.541 Weak 
     0.50  050530  surge 
     0.75  050530   
     0.90  0.05031   
     0.95  0.05031   
Series 2 0 0.040 0.079 0.080  50  0.235 Undular
     0.50  050519  surge 
     0.75  050523   
     0.90  050524   
     0.95  050524   
 
ADV data processing 
The micro acoustic Doppler velocimetry system provided instantaneous values of two velocity 
components. It was oriented with the xy-plane being vertical, the x-direction aligned with the flow 
direction and positive downstream, and the y-direction positive towards the left sidewall (1). The 
ADV velocity component orientation was checked systematically. For each location, the system of 
reference was adjusted by rotating the xy-plane with an angle such that the filtered steady flow data 
yielded a zero time-averaged Vy component. Overall the rotation angle was typically less than 1 
degree, demonstrating that the ADV probe was properly set up. 
In unsteady flows (i.e. beneath a bore), traditional ADV signal check techniques and "classical" 
despiking techniques are unsuitable because these were only developed for steady flows (e.g. 
NIKORA 2004, Person. Comm.). This was illustrated in natural estuarine flows by CHANSON, 
TREVETHAN and AOKI (2005). 
In the present study, unsteady flow signal post-processing was limited to a removal of 
communication errors and a replacement by interpolation. The numbers of communication errors 
were low and represented typically less than 0.1% of all samples. ADV velocity data next to the 
sidewall (y = 0.473 m) were not corrected to account for sidewall effects (App. B). The sidewall 
correction, presented in Appendix B, was developed and validated for steady flow data. It should 
not be applied to strongly-unsteady flow conditions without proper validation. 
 
                                                 
1The 2D side-looking head, and its transmitter and receivers, were facing towards the left sidewall, 
while the positive x-direction was towards the downstream. 
A-11 
Notation 
d water depth (m); 
do initial water depth (m); 
g gravity acceleration (m/s2) : g = 9.80 m/s2 in Brisbane (Australia); 
So bed slope; 
t time (s), with t = 0 at 10.00 seconds before the bore front, where the bore front is 
defined as the first wave crest (undular surge) or the conjugate depth; 
U wave surge celerity (m/s) for an observed standing on the bank; 
V velocity (m/s); 
Vx velocity component (m/s) in the x direction, positive downstream; 
Vy velocity component (m/s) in the y direction, positive towards the left sidewall; 
V* shear velocity (m/s) of the initial flow conditions on the channel centreline : V* = 0.044 
m/s (Section 3); 
W channel width (m) : W = 0.50 m; 
x longitudinal distance (m) from the channel intake; 
y transverse distance (m) measured from the right sidewall; 
z vertical distance (m) measured from the channel bed; 
 
C.2 BREAKING SURGE EXPERIMENTS (H = 20 MM) 
 
Location : University of Queensland (Australia) 
Date : May 2005 
Experiments by : C. KOCH 
Data processing by: C. KOCH 
Data analysis by : C. KOCH and H. CHANSON 
Experiment 
characteristics : 
Channel: length: 12 m, width: 0.50 m, slope: 0º (horizontal). Open 
channel with glass sidewalls and PVC bed. 
Initial conditions : uncontrolled gradually-varied flow. 
Surge generation : rapid closure of downstream tainter gate. 
Instrumentation : Acoustic displacement meters Microsonic Mic+25/IU/C located at x 
= 5 m and immediately above the ADV sampling volume. 
Acoustic Doppler velocimeter Sontek micro ADV 16 MHz 2D side-
looking (probe serial number A641F) located at x = 5 m. 
Comments : Transcritical initial flow conditions. 
Un-filtered ADV data. 
 
Fig. C-2 - Dimensionless instantaneous water depth d/do and velocity Vx/V* and Vy/V* beneath a 
weak (breaking) surge (y/W = 0.5) 
Run ADV 
location x 
ADV 
location y 
ADV 
sampling rate
Gate opening 
after closure h 
Type of surge 
 m m Hz m  
050530 5.0 0.250 50 0.020 Weak/Breaking
 
Sampling locations: z/do = 0.091, 0.123, 0.155, 0.187, 0.219, 0.346, 0.474, 0.601, 0.728, 0.856, 
0.919 
 
A-12 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.091run 050530, y/W=0.50, 50 HzVx/V*
Vy/V*
d/do
 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.123
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.155
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
A-13 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.187
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.219
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.346
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
A-14 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.474
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.601
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.728
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
A-15 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.856
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
t.sqrt (g/do)
V
x/V
*, 
V
y/V
*
d/
d o
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
-8 0
-4 0.25
0 0.5
4 0.75
8 1
12 1.25
16 1.5
20 1.75
24 2
28 2.25
32 2.5
z/do = 0.919
run 050530, y/W=0.50, 50 Hz
Vx/V*
Vy/V*
d/do
 
 
 
Fig. C-3 - Dimensionless instantaneous water depth d/do and velocity Vx/V* and Vy/V* beneath a 
weak (breaking) surge (y/W = 0.75) 
Run ADV 
location x 
ADV 
location y 
ADV 
sampling rate
Gate opening 
after closure h 
Type of surge 
 m m Hz m  
050530 5.0 0.375 50 0.020 Weak/Breaking
 
Sampling locations: z/do = 0.0915, 0.1233, 0.1552, 0.1870, 0.2189, 0.3462, 0.4736, 0.6010, 0.7284, 
0.8558, 0.9195 
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Fig. C-4 - Dimensionless instantaneous water depth d/do and velocity Vx/V* and Vy/V* beneath a 
weak (breaking) surge (y/W = 0.90) 
Run ADV 
location x 
ADV 
location y 
ADV 
sampling rate
Gate opening 
after closure h 
Type of surge 
 m m Hz m  
050531 5.0 0.450 50 0.020 Weak/Breaking
 
Sampling locations: z/do = 0.0915, 0.1233, 0.1552, 0.1870, 0.2189, 0.3462, 0.4736, 0.6010, 0.7284, 
0.8558, 0.9195 
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Fig. C-5 - Dimensionless instantaneous water depth d/do and velocity Vx/V* and Vy/V* beneath a 
weak (breaking) surge (y/W = 0.95) 
Run ADV 
location x 
ADV 
location y 
ADV 
sampling rate
Gate opening 
after closure h 
Type of surge 
 m m Hz m  
050531 5.0 0.473 50 0.020 Weak/Breaking
 
Sampling locations: z/do = 0.0915, 0.1233, 0.1552, 0.1870, 0.2189, 0.3462, 0.4736, 0.6010, 0.7284, 
0.8558, 0.9195 
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C.3 UNDULAR SURGE EXPERIMENTS (H = 80 MM) 
 
Location : University of Queensland (Australia) 
Date : May 2005 
Experiments by : C. KOCH 
Data processing by: C. KOCH 
Data analysis by : C. KOCH and H. CHANSON 
Experiment 
characteristics : 
Channel: length: 12 m, width: 0.50 m, slope: 0º (horizontal). Open 
channel with glass sidewalls and PVC bed. 
Initial conditions : uncontrolled gradually-varied flow. 
Surge generation : rapid closure of downstream tainter gate. 
Instrumentation : Acoustic displacement meters Microsonic Mic+25/IU/C located at x 
= 5 m and immediately above the ADV sampling volume. 
Acoustic Doppler velocimeter Sontek micro ADV 16 MHz 2D side-
looking (probe serial number A641F) located at x = 5 m. 
A-28 
Comments : Transcritical initial flow conditions. 
Un-filtered ADV data. 
 
Fig. C-6 - Dimensionless instantaneous water depth d/do and velocity Vx/V* and Vy/V* beneath a 
weak (breaking) surge (y/W = 0.5) 
Run ADV 
location x 
ADV 
location y 
ADV 
sampling rate
Gate opening 
after closure h 
Type of surge 
 m m Hz m  
050519 5.0 0.250 50 0.080 Undular 
 
Sampling locations: z/do = 0.0756, 0.1020, 0.1282, 0.1546, 0.1828, 0.2924, 0.4042, 0.5454, 0.6974, 
0.8450, 0.9771 
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Fig. C-7 - Dimensionless instantaneous water depth d/do and velocity Vx/V* and Vy/V* beneath a 
weak (breaking) surge (y/W = 0.75) 
Run ADV 
location x 
ADV 
location y 
ADV 
sampling rate
Gate opening 
after closure h 
Type of surge 
 m m Hz m  
050523 5.0 0.375 50 0.080 Undular 
 
Sampling locations: z/do = 0.0915, 0.1233, 0.1552, 0.1870, 0.2189, 0.3462, 0.4736, 0.6010, 0.7284, 
0.8558, 0.9195 
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Fig. C-8 - Dimensionless instantaneous water depth d/do and velocity Vx/V* and Vy/V* beneath a 
weak (breaking) surge (y/W = 0.90) 
Run ADV 
location x 
ADV 
location y 
ADV 
sampling rate
Gate opening 
after closure h 
Type of surge 
 m m Hz m  
050524 5.0 0.450 50 0.080 Undular 
 
Sampling locations: z/do = 0.0764, 0.1030, 0.1296, 0.1562, 0.1857, 0.2987, 0.4249, 0.5617, 0.7016, 
0.8450, 0.9137 
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Fig. C-9 - Dimensionless instantaneous water depth d/do and velocity Vx/V* and Vy/V* beneath a 
weak (breaking) surge (y/W = 0.95) 
Run ADV 
location x 
ADV 
location y 
ADV 
sampling rate
Gate opening 
after closure h 
Type of surge 
 m m Hz m  
050524 5.0 0.473 50 0.080 Undular 
 
Sampling locations: z/do = 0.0764, 0.10298, 0.12957, 0.15617, 0.18573, 0.29868, 0.42491, 
0.56167, 0.70160, 0.84503, 0.91367 
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C.4 DISCUSSION 
When the ADV head was close to the channel bed (i.e. z/do < 0.4), the ADV stem and head induced 
some flow blockage associated with some backwater effect. For each experiment, the water depth 
was measured immediately upstream of the ADV with a point gauge. The blockage effect was 
accounted for by calculating the dimensionless depth z/do based upon the depth measurement with 
the ADV in the position y. 
In the particular case of an undular surge with low Froude number (Fr < 1.4), the presence of the 
ADV stem and head affected the bore propagation for z/do < 0.4, where z is the sampling location 
above the bed and do is the initial depth in absence of fow blockage (i.e. ADV). In presence of the 
ADV with z/do < 0.4, the first wave crest of the undular bore was lower. This is seen in Figures C-6 
and C-7 for example. 
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APPENDIX D - DESCRIPTION OF THE EXPERIMENTAL CHANNEL 
New experiments were performed in a large tilting flume located in the Gordon McKAY Hydraulic 
Laboratory of the Department of Civil Engineering at the University of Queensland (Fig. D-1 & D-
2). The channel was 0.5 m wide and 12 m long. It was made of smooth PVC bed and glass walls. 
The waters were supplied by a constant head tank. A tainter gate was located next to the 
downstream end of the channel at x = 11.15 m. Its controlled and rapid closure induced a positive 
surge propagating upstream. Preliminary qualitative studies were conducted with a range of bed 
slopes, flow rates and initial conditions. During the present study, the channel slope was set at zero, 
and the gate opening after sudden gate closure ranged from 0 (complete closure) to 90 mm. 
Steady flow conditions were studied thoroughly to gain comprehensive details on the initial flow 
properties and its turbulence characteristics. The flow rate was set at Q = 0.040 m3/s, the bed slope 
was So = 0, and the channel flow was uncontrolled ending with a free overfall at the downstream 
end. The fluctuations of free-surface elevations were recorded with acoustic displacement meters. 
At each location, the probability distribution function of instantaneous flow depth was Gaussian.  
Detailed velocity measurements at x = 5 m with a Prandtl-Pitot tube and acoustic Doppler 
velocimetry system demonstrated that the flume was "hydraulically smooth" and the flow was 
smooth turbulent (Section 3). 
Experimental observations showed that the flow was basically transcritical over all the channel 
length, but next to the overfall : i.e., d/dc ~ 0.95 in average (Section 3). Visually the flow was 
slightly undular for x ≤ 2 m, possibly as a result of flow disturbance, including flow convergence, in 
the intake section (x ≤ 0). Indeed, at near-critical flow conditions, a small change in specific energy 
induced by boundary shear may induce larges changes in water depths. At the downstream channel 
end, the flume ended with an overfall and a rapid change in water depth was observed in the last 
metre of the flume (Fig. D-1). 
Figures D-2 and D-3 show some photographs of the experimental channel and instrumentation. 
 
Fig. D-1 - Sketch of the experimental channel 
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Fig. D-2 - Photographs of the experimental channel 
(A) Looking downstream at the 12 m long 0.5 m wide channel (left) and 20 m long 0.25 m wide 
channel (right) 
 
 
(B) Looking downstream at the channel during a steady flow experiment with Pitot tube located at 
x = 5 m, y/W = 0.95 for Q = 0.040 m3/s, do = 0.079 m, So = 0 
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(C) Detail of the tainter gate and acoustic displacement meter located immediately upstream of the 
gate - Steady flow from right to left 
 
 
 
(D) Steady flow experiment with Pitot tube at x = 5 m, y/W = 0.95 for Q = 0.040 m3/s, do = 0.079 
m, So = 0 - Looking downstream from x = 0 
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(E) Steady flow experiment - Looking downstream from x = 0, note the slight free-surface 
undulations immediately downstream of the channel intake for x < 2 m 
 
 
(F) Details of the micro ADV system and acoustic displacement meter located at x = 5 m - View 
from the left bank, with the acoustic displacement meter looking down onto the ADV sampling 
volume 
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(G) Steady flow experiment with ADV system at x = 5 m, y/W = 0.95 for Q = 0.040 m3/s, do = 
0.079 m, So = 0 - Note the ADV system, the acoustic displacement meters located at x = 5 m and 6 
m (immediately behind the ADV system trolley), and a point gauge used to calibrate the acoustic 
displacement meters - The grey sluice gate in the background was not used in the present study 
 
 
Fig. D-3 - Photographs of unsteady flow experiments 
(A) Advancing undular surge (Fr = 1.45) with some breaking at the first crest - Looking 
downstream around x = 6 m - Note the absence of instrumentation 
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(B) Advancing weak surge (Fr = 2.0) propagating upstream towards the intake structure (in 
background) - Looking upstream with the surge front at about x = 2.3 m 
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APPENDIX E - ANALYSIS OF TURBULENT REYNOLDS STRESSES IN 
POSITIVE SURGES 
E.1 INTRODUCTION 
In turbulence studies, the measured statistics include usually (a) the spatial distribution of Reynolds 
stresses and of the turbulent kinetic energy per unit volume 0.5*ρ*(vx'2 + vy'2 + vz'2) (b) the rates 
at which turbulent kinetic energy, or individual Reynolds stresses, are produced, destroyed, or 
transported from one point in space to another, (c) the contribution of different sizes of eddy to the 
Reynolds stresses, and (d) the contribution of different sizes of eddy to the rates mentioned in (b) 
and to rate at which energy or Reynolds stresses is transferred from one range of eddy size to 
another (BRADSHAW 1971, pp. 22-23). The analyses are based upon the analysis of instantaneous 
turbulent velocity data : v = V - V⎯, where V⎯ is the time-average velocity. If the flow is "gradually-
varied", V⎯ must be the low-pass filtered velocity component. V⎯ is sometimes called the variable-
interval time average or VITA (PIQUET 1999). The cutoff frequency must be selected such that the 
averaging time is greater than the characteristic period of fluctuations, and small with respect to the 
characteristic period for the time-evolution of the mean properties. 
In a highly unsteady flow, experiments have to be repeated many times. Each time, the 
instantaneous velocity is recorded at a point at a particular instant. The average of all these 
instantaneous measurements (i.e. ensemble average) is the appropriate mean velocity at the point at 
that particular instant (BRADSHAW 1971). The deviation of the instantaneous velocity from the 
ensemble average is the turbulent velocity fluctuation. 
In the present study, it was not possible to repeat many times each experiment at each sampling 
location. Only some tests were repeated at a few sampling points to ascertain data consistency and 
data trends. Turbulent results in positive surge flows were developed based upon a basic filtering 
analysis. 
 
E.2 VELOCITY DATA FILTERING 
In undular surge flows, the Eulerian flow properties tended to show an oscillating pattern with a 
period of about 2.4 s (1) that corresponded to the period of the free-surface undulations (e.g. Fig. E-
1). In the filtering analysis, the cutoff frequency was selected such that the "averaging" time was 
small with respect to the characteristic period for the time-evolution of the undular flow properties 
(i.e. 2.4 s) and greater than the characteristic period of fluctuations. That is, the cutoff frequency 
Fcutoff had to satisfy : 
 0.4  <  Fcutoff  <  25 Hz (E-1) 
were 25 Hz is the Nyquist frequency, also called the Nyquist limit, which equals half of the 
sampling rate (2). Further considerations included the vertical and transverse resonance frequencies 
of the open channel flow that were about 2 and 1 Hz respectively. Figure E-1 illustrates the effects 
of the cutoff frequency on the low-pass filtered signals in undular surge flow. In that example, the 
0.4 Hz and 3 Hz cutoff frequencies were unsuitable and the 1 Hz cutoff frequency was best suited. 
Several tests were performed by checking systematically low-pass filtered signals with both 
streamwise velocity and water depth data. The results suggested that a cutoff frequency of 1 Hz was 
indeed some form of optimum. Thereafter filtering was applied to both streamwise and transverse 
velocity components using : Fcutoff = 1 Hz. For simplicity and consistency, the same cutoff 
                                                 
1For the experiments Series 2 with a surge Froude number Fr = 1.4. 
2The Nyquist frequency, also called the Nyquist limit, is the highest frequency that can be coded at 
a given sampling rate in order to fully reconstruct the signal. If the signal is sampled at 50 Hz, the 
highest frequency which can be expected to be present in the sampled signal is 25 Hz. 
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frequency was applied to both weak and undular surge experiments (Series 1 & 2). Figure E-2 
illustrates some results. The Reynolds stresses were then calculated from the high-pass filtered 
signals. For example, the instantaneous tangential stress was calculated as : 
 ρ * vx * vy  =  ρ * (Vx - (Vx)low) * (Vy - (Vy)low) (E-2) 
and (Vx)low and (Vy)low are the low-pass filtered velocity components. 
Figure E-3 illustrates some results in terms of instantaneous normal and tangential Reynolds 
stresses at one vertical elevation on the channel centreline in the undular surge. 
 
E.3 DISCUSSION 
Reynolds stress results were based upon a cutoff frequency of 1 Hz, while the upper frequency 
limit, or Nyquist limit, was 25 Hz. This filtering technique was developed for undular surges and it 
might not be optimum for weak surges. It is believed that the relatively high cutoff frequency 
eliminated some contribution of large-scale vortices that were seen in weak surge roller. Figure E-4 
illustrates the effects of the cutoff frequency on weak surge data. 
In undular surges, the free-surface undulations created a streamline pattern, sketched in Figure 5-7, 
that was associated with time-variations of ideal-fluid flow velocity distributions, but does not 
represent "true" turbulence. It was caused by the Eulerian measurement technique of the unsteady 
flow. In a Lagrangian system of reference, this streamline pattern would not be "genuine" 
turbulence. 
 
Fig. E-1 - Instantaneous water depth d and velocity components Vx and Vy as functions of time 
beneath an undular surge (Series 2, Fr = 1.4) at x = 5.0 m and z = 57 mm on the channel centreline 
(y/W = 0.5) - Comparison with low-pass filtered velocity signals (cutoff frequency: 0.4, 1 and 3 Hz) 
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Fig. E-2 - Instantaneous water depth d and velocity components Vx and Vy as functions of time 
beneath an undular surge (Series 2, Fr = 1.4) at x = 5.0 m on the channel centreline (y/W = 0.5) - 
Comparison with low-pass filtered velocity signals (cutoff frequency: 1 Hz) 
(A) z = 27 mm 
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(B) z = 57 mm 
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Fig. E-3 - Dimensionless time-fluctuations of normal and tangential Reynolds stress (vx2/V*2, 
vy2/V*2, vx*vy/V*2 beneath an undular surge (Fr = 1.4, z/do = 0.697, y/W = 0.5, run 050519) 
(cutoff frequency: 1 Hz) - V* = 0.044 m/s 
(A) Dimensionless normal Reynolds stresses (vx2/V*2, vy2/V*2) 
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(B) Dimensionless tangential Reynolds stresses (vx*vy/V*2) 
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Fig. E-4 - Instantaneous water depth d and velocity components Vx and Vy as functions of time 
beneath a weak surge (Series 1, Fr = 1.8) at x = 5.0 m and z = 17 mm on the channel centreline 
(y/W = 0.5) - Comparison with low-pass filtered velocity signals (cutoff frequency: 1 Hz) 
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APPENDIX F - EFFECTS OF SAMPLING TIME ON ADV STATISTICAL 
RESULTS IN STEADY LABORATORY OPEN CHANNEL FLOWS 
F.1 PRESENTATION 
In turbulence studies of laboratory open channel flows, there are a great scatter of sampling times 
used by various researchers. With an acoustic Doppler velocimeter, some used relatively long 
sampling periods of about 3 to 5 minutes (e.g. LIU et al. 2004). But others sampled for much 
shorter periods including in field works (e.g. BUFFIN-BELANGER and ROY 2005). 
Herein experiments were performed in a large tilting flume located in the Gordon McKAY 
Hydraulic Laboratory of the Department of Civil Engineering at the University of Queensland 
(App. D). The channel was 0.5 m wide and 12 m long. It was made of smooth PVC bed and glass 
walls. The waters were supplied by a constant head tank. Velocity measurements were conducted 
with a Sontek™ 16 MHz micro-ADV (serial number A641F). The ADV system was equipped with 
a 2D side-looking head. 
A sensitivity analysis was performed in steady flows with two scan rates (25 & 50 Hz), total 
sampling times between 3 and 5 minutes, and in both gradually-varied and uniform equilibrium 
flows. The results were analysed in terms of the effects of scanning period on average velocity and 
standard deviation of both Vx and Vy velocity components. 
 
F.2 RESULTS 
Typical results of the sensitivity analysis are presented in Figures F-1 and F-2. They present the 
relative errors on the time-average velocity components and velocity component standard 
deviations as functions of the sampling time in seconds. 
The results indicated consistently that the Vx statistical properties were most sensitive to the 
sampling times. Further all the results suggested that the first statistical moments (mean) were 
adversely affected for sampling times less than 60 to 100 seconds, while the second statistical 
moments (standard deviation) were detrimentally influenced for scan durations less than 100 to 200 
seconds. It is likely that accurate estimates of higher statistical moments required significantly 
longer sampling times. 
In summary, a sensitivity analysis suggested that the ADV turbulent velocity properties may be 
affected adversely for sampling durations less than 60 to 200 seconds. A sampling time of 120 s 
was used for steady flow measurements in the present study. It was selected as a compromise 
between statistical exactitude and the large number of measurement points. 
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Fig. F-1 - Effects of sampling time on the first two statistical moments of Vx and Vy components in 
transcritical uniform equilibrium flows - Scan rate: 25 Hz, total sampling time: 186 s 
(A) Time-average velocity results 
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(B) Velocity standard deviation results 
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Fig. F-2 - Effects of sampling time on the first two statistical moments of Vx and Vy components in 
subcritical gradually-varied flow - Scan rate: 50 Hz, total sampling time: 300 s 
(A) Time-average velocity results 
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(B) Velocity standard deviation results 
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